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ABSTRACT 

The isolation of active mouse liver run-off 80S 
ribosomes and their subunits, and conditions necessary for 
the translation of synthetic and natural messenger RNA in 
cell-free systems have been. studied. 

Mouse liver polysomes were incubated in the pre- 
sence of all components necessary for protein synthesis allow- 
ing the run-off of 80S ribosomes. Upon exposure of these 
80S particles to 5 mM Mg?*, 500 mM KCl, 70-72% dissociated 
into ribosome subunits. Treatment of the reaction mixture 
with 0.1 mM puromycin was sufficient to sensitize the remain- 
ing undissociated particles such that complete dissociation 
was achieved. The 40S and 60S subunits were separated by 
centrifugation through a convex-exponential sucrose gradient 
containing 2 mM Mao, 300 mM KCl, and recovered from the 
pooled fractions by centrifugation. The separated subunits 
were at least 95% pure based on the sedimentation analysis 
(ons the particles and RNA extracted. When mixed the subunits 
Spontaneously reassociated to form 80S ribosomes at 5 mM Mg7t 
in the absence of poly(U), tRNA and supernatant factors. 
Polyacrylamide gel electrophoresis of ribosomal proteins 
extracted from 40S and 60S subunits showed electrophoretic 
patterns distinct from each other. A comparison was made 
between ribosomal proteins of L5178Y mouse lymphoma and mouse 
liver; some differences were noted. 


The protein synthesizing ability of the purified 


subunits was tested by measuring poly(U)-dependent incorpora- 
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tion of (+4c] phenylalanine into acid-insoluble material. 
The 40S and 60S subunits were inactive separately, but when 
recombined, incorporated 10-15 phenylalanine residues per 
active 80S ribosome. 

A precharged tRNA incorporation system was devel- 
oped aS an assay to measure peptide chain elongation factor 
and protein initiation factor activity. Mouse liver and 
Ba COLL (+4c]phe-tRNA functioned as substrates in poly(U)- 
directed polyphenylalanine synthesis. The reaction was 
linear for 10 min with 50% of the substrate being incor- 
porated into hot acid-insoluble material. Elongation fac- 
and EF 


tors EF were partially purified by (NH,)5SO, 


1 2 
fractionation and Sephadex G-100 chromatography. Ribosomes, 


EF i, EF., GTP and poly(U) were found to be essential for 


incorporation at 7.5 mM Mee. 


The requirements for phenylalanine incorporation 


at 3.5 mM Mg?* in the presence and absence of ribosome 


wash was studied. Addition of crude 0.5 M KCl ribosome 


wash reduced the Mg?* optimum for polyphenylalanine synthe- 


sis from 7.5 mM to 3.5 mM Mg?*, while stimulating incor- 


poration at 3.5 mM Mg2* as much as 9-fold. The response of 
four different preparations of mouse liver ribosomes to 
ribosome wash and also the substrate specificity of F. coli, 
yeast, and mouse liver tRNA was tested by this assay. Crude 
0.5 M KCl ribosome wash was fractionated by DEAE-cellulose 
chromatography, and the fractions assayed for the ability 


to support phenylalanine incorporation at 3.5 mM Mg?*, 


vi 


~hevei esw eer eeey notseonmpon: ‘Ates bepradoeyg A 
 o2957 Pet det nied» aFitgeq stweson of yates as 26 6 
Sap 2rileeyow -yeivicoe iret eotstetaict azetesg & 1s 
-(Sjyfog cl ee3sxsedue es Ragpsangi avas-enttorn} sion 7 
@ay Mcisqsat saT isiestisavye Ssaimelalynoigyiog £ ib 
~igon? ppted etaztedue 283 Io #0t Asiv nim OL 208 sont 
“282 aciteprolsS .isiveism sidulosni-hice ton efai bedazog” 
pO%—_ (gH) yahettiseg ylieiessa exay ee 
(Semornd! .ydgsxpostamoide 062-5 xsbsdgse ins eae eect 
102 Inktas2es sd oF bro sis¥ (Uiyiog Bane Go yh a 
Sol te 24% 26 notsstogzopmt 

sotssiogzeont eninste(ynediq so? atnomexiops: sit 
smazodix 10 s5nsede Snes sonegenc odd ai +5 
emogodis, 191M 2.0 sbuxo 26 meLsibbA .bsibute asw desw 

. =ontiryge snéns le tyeenqy log Tou fae: 5 “eit 2aa phir - 
“xoont paistelumizve oitaw Spm Mn: ¢.€. oF ¢.\ mox? eis ; 

to Sénogesa1 edT {hict-@ =e Houm an ies Min €. J6 noissxeq, 
oF BSmoBOUI AsVIL savom Io ERCtIeusqeug sce7O}LD. wee ; 
aloo sa 20 qtioltioege Stexjeive ots oein See daew ome dit. 
aes eee pees a aati gh ty Ham zovil sevom bas .3e6 ye 7 
dona tema vd Pranic gras eee Be 


Highest stimulation was achieved when fractions I, VI 2a 
VIII, which eluted at 0.05 M KCl, 0.18-0.25 M KCl, and 
0.31-0.38 M KCl, respectively, were present. 

Polysomal RNA was extracted from membrane-bound 
and total polysomes by two different methods, and trans- 
lated in a homologous mouse liver cell-free system. Further 
purification of RNA by cellulose chromatography and sucrose 
density-gradient centrifugation was examined. A cell-free 
incorporation system utilizing run-off 80S ribosomes was 
developed which was strictly dependent upon added protein 
initiation factors and mRNA for activity. The optimum 
concentration of Mg", KCl, ribosomes, ribosome wash, and 
polysomal RNA for protein synthesis was determined. Sucrose 
density-gradient analysis of the reaction products revealed 
formation of new polysomes containing up to ten 80S 
ribosomes. Translation of exogenous mRNA was. found to be 
inhibited 80% by 1 x 107? M aurintricarboxylic acid; a 
concentration which had no effect on endogenous incorporation. 
Analysis of the cell-free products by polyacrylamide gel 
electrophoresis and immunoprecipitation showed that newly 
formed albumin could account for up to 8% of the total 


protein synthesized. 
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CHAPTER I 


GENERAL INTRODUCTION 


The mechanism of protein synthesis has been a 
topic of extensive investigation during the past two decades. 
eeddtee on protein biosynthesis tn vittro began when Siekevitz 
(1952) prepared rat liver microsomes which were capable 
of incorporating labeled alanine into protein. Hoagland 
and coworkers (1956, 1957) using a rat liver cell-free | 
system found that ATP, a supernatant protein (i.e. amino-. 
acyl-tRNA synthetase), and a low molecular weight RNA 
(i.e. tRNA) were essential for incorporation of amino acids 
into protein. 

Ribonucleoprotein particles composed of approxi- 
mately equal re Steg of RNA and protein, later called ribo- 
somes, were identified as the site of protein synthesis 
(Palade, Siekevitz, 1956; Siekevitz, Palade, 1958). In 1958 
Tissieres and Watson isolated Psp eaey: from Eschertichta 
colt (#. colt) and found that 90% of the cellular RNA was 
present as ribosomal RNA. At this time it was not clear how 
information contained in DNA cistrons was transferred to the 
cytoplasm where ribosomes could assemble amino acids into 
proteins. Ribosomal RNA was a prime candidate for the 
template RNA (Crick, 1958) although the homogeneity of size 
and composition did not seem to reflect the range of size 


of polypeptides synthesized. 
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In 1961 Jacob and Monod proposed that each DNA 
cistron acts as a template for the synthesis of a messenger 
RNA molecule which contains the amino acid sequence infor- 
mation encoded in its nucleotides. The theory was soon 
supported with evidence (Brenner, Jacob, Meselson, 1961) 
yet the complete realization of the messenger RNA concept 
did not occur until the genetic code was elucidated (Gamow, 
1954; Crick et al., 1961; Nirenberg, Leder, 1964; Morgan, 
Wells, Khorana, 1966). 

Knowledge of the reactions which occur during 
peptide bond formation have primarily come from bacterial 
cell-free amino acid incorporation systems, the majority 
of which are £. colt; however, mammalian cell-free systems 
have also made a contribution. Several review articles 
have been written on the interaction of the ribosome and 
supernatant factors during initiation, elongation and 
termination of protein synthesis (Cold Spring Harbour 
Symp. sOuant. Biol. , 1969; Lengvel, Soll, 1969; Lucas= 
Lenard, Lipmann, 1971; Haselkorn, Rothman-Denes, 1973). 

The overall process of protein synthesis can be 
schematically represented by the ribosome cycle depicted 
in Figure 1. This cycle was drawn based on the two site 
tRNA binding hypothesis but does not exclude the possibility 


that there are more than two binding sites. 
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Figure l. Schematic representation of protein synthesis 
and the ribosome cycle of &. coli. The ribosome cycle 
depicts the movement of ribosomes through the three stages 
of protein synthesis, initiation (I-V), elongation (V-IX), 
and termination (IX-X). The 30S subunits obtained either 
from resting 70S particles by the action of dissociation 
factor (DF) or from free 30S subunits, interacts with mRNA 
and F3 (IF-3), an initiation factor specific for natural 
mRNA (Step II). DF may be one of the initiation factors, 
possibly F3. N-formylmethionyl-tRNAp (fMet~-tRNA) in the 
presence of initiation factor F5 (IF-2) and GTP then binds 
to the initiator codon AUG (Step III). For convenience 
fMet-tRNA is shown bound in the "A" or aminoacyl-tRNA 
acceptor site and subsequently translocates to the "P" 

or peptidyl-tRNA site although the precise binding site 

is uncertain. The initiation factor F, (IF-1) catalyzes 
the release of F2 and possibly assists in the binding of the 
50S subunit to the complex. Step V is known as the "70S 
initiation complex". Elongation begins with the binding of 
aminoacyl-tRNA (aa-tRNA) to the vacant A site specified by 
the second codon (Step VI). This binding requires GTP and 
Tu, the aa-tRNA binding factor. Peptidyl transferase, 
located on the 50S subunit catalyzes peptide bond formation 
between formylmethionine and the second amino acid (Step VII). 
Translocation then occurs involving the removal of the 
deacylated tRNA, the coordinate movement of the ribosome _ 
by one codon relative to mRNA, and the transfer of fMet- 
aa-tRNA from the A to the P site (Step VIII). The trans- 
location factor G and the hydrolysis of GTP mediate this 
process. Step VI and VIII are repeated until a termination 
codon (UAA, UAG, UGA) is reached. Release factors, Rj and 
Rg, promote the cleavage of the ester bond between the 
polypeptide and tRNA bound in the P site, thereby releasing 
the completed protein. If no more codons are to be trans- 
lated then the ribosome disengages from the mRNA either 

as free 70S ribosomes (1) or as subunits (2). The exact 
route of this disengagement remains unclear at this time. 
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Several areas of the cycle are not as well under- 
stood as others. The relationship between the three initia- 
tion factors which are found to work cooperatively are not 
fully known. Recent results suggest that the dissociation 
factor (DF) required to maintain free 30S subunits, may in 
fact be an activity associated with initiation factor F3 
(IF-3) (Sabol et al., 1970; Subramanian, Davis, 1970; 
Kaempfer, 1970; Kaempfer, 1971). Other areas of uncertainty 
include the initial binding site of initiator tRNA on the 
small subunit and also the mechanism by which completed 
polypeptides are released from the ribosome. 

Lack of study in the eucaryote system relates 
primarily to the difficulty of isolating highly active and 
well characterized ribosomes and ribosome subunits for cell- 
free studies. Figure 2 shows a tentative ribosome cycle 
drawn to illustrate mammalian protein synthesis. The over- 
all pattern appears similar to that of procaryotes; however, 
many of the steps are not well established and for this 
reason were drawn in summary rather than as intermediates. 

Similarities between procaryote and eucaryote 
protein synthesis include the initiation complex being 
formed on the small subunit and the requirement of several 
initiation factors with one specific for natural mRNA, 

GTP for aminoacyl-tRNA binding and peptidyl-tRNA translo- 
cation, and protein factors for elongation and termination. 
Differences that have been noted in eucaryotes include a 
larger ribosome particle and an initiator tRNA that does not 


require methionine to be formylated. 
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Figure 2. Tentative schematic representation of protein 
synthesis and the ribosome cycle in eucaryotes. Similar 

to the procaryote ribosome cycle (Fig. 1) there are three 
stages of protein synthesis, initiation (I-III), elongation 
(III-VI) and termination (VII-VIII). 40S subunit interacts 
with mRNA and M3, an initiation factor specific for natural 
mRNA (Step II). 80S initiation complex is formed by the 
addition of Met-tRNAp, M j, Mj, GTP and the 60S subunit 
(Step III). The sequence of addition and release of factors 
is not certain. Chain elongation and termination are 
believed to occur by a mechanism similar to that of 
procaryotes except EF, replaces Tu:Ts and’ EF’9 replaces’ G. 
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The purpose of this research was to develop a 
method for the isolation of active mammalian ribosomes and 
their subunits, to determine the optimum conditions re- 
quired for translation of both synthetic and natural mRNA, 
and to identify the cell-free product directed by exogen- 
ous liver mRNA. 

Isolation of mouse liver 40S and 60S ribosome 
subunits and the criteria used to determine the quality 
and purity of the preparation are described in Chapter II. 
The biosynthetic activity of the subunits and run-off 80S 
ribosomes were examined using the "Nirenberg" and "pre- 
charged tRNA" incorporation systems (Chapter III). The 
precharged tRNA incorporation system with partially purified 
elongation factors EF, and EF, was designed and used to 
assay initiation factor activity in the crude and DEAE- 
cellulose fractionated ribosome wash. Having established 
conditions required for the detection of initiation factor 
activity when using poly(U) as template, it remained 
to examine the tin vitro translation of natural mRNA. Mouse 
liver mRNA extracted from membrane-bound and total polysomes 
was translated in a homologous cell-free amino acid incor- 
poration system utilizing run-off 80S ribosomes. 

The chapters have a format similar to manuscripts 
in that each contains an introduction, materials and methods, 
results and discussion. References and methods relevant to 


the topic of each chapter are described therein. 
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CHAPTER ITI 


ISOLATION AND CHARACTERIZATION OF MOUSE LIVER 


RUN-OFF 80S RIBOSOMES AND THEIR SUBUNITS 


A. Introduction 

Involvement of ribosomal subunits in the initia- 
tion of protein synthesis has been well documented by 
studies using Escherichia colt cell-free systems (Pestka, 
Nirenberg, 1966; Mangiorotti, Schlessinger, 1967; 
Eisenstadt, Brawerman, 1967; Hille et al., 1967; Nomura, 
Lowry, 1967; Kaempfer, 1968). An advantage of the bacterial 
system is the ease with which ribosomal subunits can be 
obtained. In order to study the mechanism of protein 
synthesis in a mammalian system, sufficient ribosome 
subunits must be available. Mammalian 80S ribosomes are 
stabilized to a much greater extent than bacterial 70S 
ribosomes by bound peptidyl-tRNA and mRNA (Martin et al., 
1969; Lawford, 1969; Blobel, Sabatini, 1971). This inher- 
ent stability of 80S ribosomes makes it difficult to pre- 
pare active mammalian subunits by ordinary dissociation 
techniques. Methods that have been used to date include 
the use of high concentrations of KCl, (Martin, Wool, 1968; 
Martin et al., 1969; Martin, Wool, 1969; Rao, Moldave, 1969; 
Terao, Ogata, 1970), in vitro incubation of polysomes (Falvey, 
Staehelin, 1970) and the use of puromycin to release the 
nascent peptide chains (Lawford, 1969; Blobel, 


Sabatini, 1971). 
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This chapter describes a method for the prepara- 
tion of ribosomal subunits from mouse liver in which poly- 
somes are initially incubated in an in vitro amino acid 
incorporation system allowing run-off 80S ribosomes. Those 
ribosomes that still contain peptidyl-tRNA are sensitized 
to KCl by a brief exposure to a low concentration of 
puromycin. The advantage of this method is that with the 
preincubation of polysomes the amount of puromycin necessary 
to remove residual peptidyl-tRNA is much smaller than 
required otherwise (Lawford, 1969; Blobel, Sabatini, 

1971). The mouse liver ribosome subunits produced by this 
method were found to be intact and capable of spontaneously 


reassociating to form active 80S particles. 


B. Materials and Methods 

All routine chemicals used were of certified 
quality. Sterile conditions were used in the preparation 
of buffers and handling of glassware used in polysome 
preparation. Ultra pure RNase-free sucrose purchased from 
Schwarz/Mann was used to prepare buffers and gradient solu- 
tions. ATP, GTP, creatine phosphate, creatine phosphate 
kinase were products of Sigma Chemical Co. Puromycin 
dihydrochloride and twenty amino acids were purchased from 
Nutritional Biochemicals Co. [14c} phenylalanine, 355.mCi/ 
mmole; tao eprotein hydrolysate, 57 mCi/milli atom carbon 


were purchased from Amersham/Searle. 
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Buffers: All buffers used in the various preparations 
contain 20 mM Tris-HCl (pH 7.4), 6 mM B-mercaptoethanol 
(B-ME), 0.25 mM dithioerythritol (DTE) and 10% glycerol in 


addition to MgCl, and KCl at concentrations indicated below. 
2+ 


Buffer A:. 5 mM Mg = 007M KEL 
Buffer B. 2 mM Mg** —- 100 mM KCl 
Buffer C: 2 mM Mg** - 300 mM KCl 


Preparation of polysomes 

Polysomes were prepared by a modification of the 
method of Falvey and Staehelin (1970). Female Swiss 
albino mice were killed by decapitation, the livers removed, 
rinsed in buffer A containing 0.3 M sucrose and homogenized 
with the same buffer (2.5 ml/g of liver) in a Potter- 
Elvehjem homogenizer with 5 strokes of a loose-fitting 
Teflon pestle. During homogenization magnesium bentonite 
(4 mg/9 g liver) prepared as described by Petermann and 
Pavlovec (1963) was added. The homogenate was centrifuged 
at 12,000 x g (av) for 10 min and the top two-thirds of 
the supernatant adjusted to 1% Triton X-100 or 1% DOC. This 
was layered over a discontinuous gradient (13 ml per 
gradient) containing 10 ml of each of 0.7 M and 2.0 M sucrose 
in buffer A. The gradients were centrifuged in a SW 27 
rotor at 82,500 x g (av) for 24 hours. The supernatant was 
carefully removed and the pellets gently resuspended in 


buffer A and stored in small amounts in liquid nitrogen. 
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Determination of protein and RNA 

Protein was determined by the method of Lowry 
et al., (1951) or by absorbancy at 260 and 280 nm. Bovine 
serum albumin was used to construct a standard concentration 
curve. RNA was determined by measuring the absorbance 


assuming 20 Ax6o units was equivalent to 1 mg RNA, 


Preparation of enzyme fraction 
(1) S-200 protein. 

Livers were homogenized in a modified buffer A 
containing 5 mM Mg?* - 25 mM KCl. After high speed centri- 
fugation in a Spinco 60 Ti rotor (233,000 x g (av), 120 min), 
the top two-thirds of the post-ribosomal supernatant (S-200) 
was collected and dialyzed overnight at AC against buffer 
A. The S-200 protein was stored in glass vials (0.1-0.2 ml 
each) in liquid nitrogen. 

(2) pH 5 enzymes. 

The S-200 fraction was diluted three-fold with 
1 mM DTE and slowly adjusted to pH 5.2 with 1N acetic acid. 
The precipitate was collected by centrifugation at 12,000 
x g (av) for 10 min, dissolved in buffer A containing 50 mM 


Tris-HCl (pH 7.8) and stored in liquid nitrogen. 


Preparation of run-off 80S ribosomes and ribosome subunits 
Run-off 80S ribosomes were prepared by a modifi- 
cation of the methods of Falvey and Staehelin (1970) and 


Lawford (1969). Polysomes were incubated in a cell-free 
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amino acid incorporation system containing the following 
POT HM Lis yy 310 A560 units polysomes, 0.05 umoles each of the 
20 amino acids, 4 mg pH 5 enzyme protein, 2 mg S-200 pro- 
tein, 1 umole ATP, 0.3 umole GTP, 10 ug creatine phosphate, 
50 ug creatine phosphokinase, 50 ug mouse liver tRNA, 

20 umole Tris-HCl (pH 7.4), 100 wmole KCl, 6 umole B-ME, 
0.25 umole DTE and 4 umole MgCl... The reaction mixture 

was incubated at 37° for 30 min and 10 mm puromycin (pH 6.5) 
was then added to a final concentration of 0.1 mM. This 
mixture was cooled in ice and 2 M KCl was added with stir- 


2+_500 mM KCl. 


ring to give a final concentration of 3 mM Mg 
Further incubation at 37° for 10 min resulted in a prepara- 
tion containing only ribosomal subunits. Upon dilution 


STN) ANE CLL SNS aioe 


of the reaction mixture to 5 mM Mg 
units were reassociated to form 80S ribosomes (run-off 80S). 
They were sedimented by centrifugating a 20 ml sample over 
fenl of 1.5.M enoee ane A ina Spinco Type 60 Ti 
rotor at 176,000 x g (av) for 4 hours. The 80S ribosome 
pellets were resuspended in buffer A and stored in small 
amounts in liquid nitrogen. 

Ribosomal subunits were separated by layering 5 
ml of the puromycin-treated 3 mM Mg~*-500 mM KCl reaction 
mixture onto a 30 ml 0.3-1.0 M convex-exponential sucrose 
gradient in buffer C. The sample was centrifuged ina 
Spinco ow 2/7 rotor. at: 62,5000"x 9g) (av) tor 14 hours and 


the gradient was displaced with 60% sucrose which was pumped 


into the bottom of the tube. The effluent was conducted 
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Sabo a flow cell attached to a Gilford Model 2000 spec- 
trophotometer for continuous monitoring and recording of 
absorbance at 260 nm. The appropriate fractions were 
pooled and the subunit recovered by centrifugation ina 
Spinco Type 65 rotor at 160,000 x g (av) for 9 hours. 
Further purification of the 60S subunits was accomplished 
by recentrifugation through a 0.3-1.0 M convex-exponential 
sucrose gradient in buffer A. The center portion of the 
60S peak was pooled and the subunits recovered as described 
above. The subunit pellets were then resuspended in buffer 


B, and stored at a concentration of 50-60 A units per 


260 
ml in small amounts (0.05-0.1 ml) in liquid nitrogen with- 


out appreciable loss of activity for 6 months. 


Sucrose density-gradient analysis 
Ribosome samples of 0.05-0.10 ml containing 


O0.5=L70 A units were layered on the top of 4.5 ml 10-20% 


260 
linear or 10-34% (0.3-1.0 M) convex-exponential sucrose 
gradients made up with the same buffer as the samples 
except that §8-ME, DTE and glycerol were not included. The 


samples were centrifuged in a Spinco SW 50.1 rotor at the 


speed indicated in each figure. The gradients were analyzed 


for absorbance at 260 nm from the top as described above. 
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Determination of percent dissociation of 80S ribosomes 
After analyzing a sample of ribosomes by sucrose 

density-gradient centrifugation as described above, the area 

under the absorbance peaks was measured by a planimeter. 

The percent dissociation of 80S ribosomes into subunits 

was then calculated from the ratio of subunit area to 


total area. 


Analysis of ribosomal RNA by sucrose density-gradient 
centrifugation 

Sodium dodecylsulfate was added to the ribosome 
samples to a final concentration of 0.1% to dissociate the 
protein from ribosomal RNA (Gilbert, 1963). After incuba- 
tion at 37° for 3 min the samples were cooled in ice, centri- 
fuged ;at.3000.x g, (av), for.5<min;! and asportion ofthe 
supernatant analyzed on a 10-20% sucrose gradient made up 
with 20 mM Tris-HCl (pH 7.4), 1 mM Mg**, and 50 mM NaCl. 
Centrifugation was at 48,000 rpm for 2.5 hr in a Spinco 


Sw 50.1 rotor at 4°. The gradients were analyzed for 


absorbance at 260 nm as described previously. 


Analysis of ribosomal proteins by polyacrylamide gel 
electrophoresis 

An equal volume of 4 M LiCl - 8 M urea was added 
to a sample of 5 Axr60 units of ribosomes and incubated over- 
Nigo ted,G 4° (Spitnik-Elson, 1965). The RNA was removed by 
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natant containing the ribosomal proteins was dialyzed 
overnight against 6 M urea containing 20 mM Tris-HCl 

(pH 7.4) and 6 mM 8-ME. Electrophoresis was carried out 
in 10% polyacrylamide gels (0.5 x 9 cm) containing 6 M 
urea at pH 4.5 at 4 mA per gel. The proteins were stained 
with 1% Amido Black in 7.5% acetic acid for 1 hr and then 


destained electrophoretically. 


C.™ Results 
1. Conditions required for preparation of run-off 
80S ribosomes and subunits 
(a) Polysome "run-off" 
Polysomes containing 8-15 ribosomes are needed 
to make the run-off of 80S ribosomes as efficiently as 
possible. The degradation of polysomes during homogeni- 
zation was reduced by using slow grinding speeds and by the 
use of magnesium bentonite as an RNase inhibitor. Coarse 
magnesium bentonite, prepared by the method of Petermann 
(1963) ,was found to increase the yield of large polysomes 
and also resulted in a 50% decrease of 80S particles in 
the preparation as assayed by sucrose density-gradient 
analysis. Nine distinct bands of polysomes could be re- 
solved by zone velocity sedimentation using a 0.3-1.0 M 
convex-exponential sucrose gradient (Figure 3A). 
The kinetics of polysome "run-off" was examined 
by incubating polysomes with all the components required for 


protein synthesis and analyzing samples at various times by 


Bentewa caiennaee 
wets basa £ 103 bros ee ere eee 
Yi fesiseucrigosteste benkeaaaB 


7 
ertuesh “9D. 

| - | . a 
tio-nwd to noidpisac1g uot Bextupes anotoiiaas- ,2°"! 

. 5? a 

etinydee tne aamosodizx 206. ee - 


“Qio-nus" ancaytot (4) 7 TO) 
jobeon ash semorodtin 21-8 pninieddon esanoey lot o De 
6 Yltaetoidite «2 esndrodi= 208 16 Pio-nny say Stem oF 
-Inegorted paiavbh eemoeytna to aolsshexpsbh ott iefdidwed 
eds-ya Boe ebseqe pathaive wole geisl yd heoubos sew colsee. 
S21009 .1Osttided seein ns as stinojaed mulesapem 20 ser - 
hosnmsed to foftem edi ys bexsqe=g (sdinotned MeksenpEe 7 
sanveiog opyel to Digi. ent s2sexsnt od Davo aew, (C9CLy 
#1 seloisieag, G08 ao lenserosh $02 & nb PSofoasy ovis: bas 
tasibescs\lensb s2c1sne vd bayeses 26 nolyeregenq ony 
“#7, 34 blvos senéeviog tu ebind sonkselS saw ian 
M 0.f-£,9 8 pute nolisiasmibae ysttootey atos vd tovitow i: 
(AE siupis} tae bbese -sdoxoue tst¥nenogxe—xewiog 
Santimess. now “SSo-au'r"” womony fog) qo. yaaa ‘4 . 
sol Gextupot aimanoqmor sit) the sakw . ae 


300 


200 


100 


A260 | 
(cpm e—-e) 


300 


200 


100 


'4C-L ABELLED AMINO ACIDS INCORPORATED 


EFFLUENT VOLUME (ml) 


Figure 3. Sucrose density-gradient analysis of mouse 
liver polysomes incubated in a cell-free amino agid incor- 
poration system. Polysomes were incubated with C-pro- 
tein hydrolysate under the conditions used for the pre- 
paration of run-off 80S ribosomes as described in Materials 
and Methods. Approximately 1.0 Ag¢éq unit of polysomes was 
analyzed per gradient. Convex-exponential sucrose gradients 
(0.3-1.0 M) were made up with 20 mM Tris-HCl (pH 7.4), 

5 mM Mg2+ and 100 mM KCl. Centrifugation was in a Spinco 
Sw 50.1 rotor at 40,000 rpm for 30 min at 49°. Fractions 
(0.25 ml) were collected and hot TCA-insoluble radio- 
activity determined as described in Materials and Methods. 


A. Control, polysomes only. . 

B. Polysomes incubated at 0 for 30 min in the presence 
of all components required for protein synthesis. 

C. Same as B except incubated at 37° for 5 min. 

D. Same as B except incubated at 37° for 15 min. 
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Sucrose density-gradient centrifugation (Figure 3). a 


protein hydrolysate was included in the reaction mixture 
thereby allowing measurement of hot TCA-insoluble radio- 
activity in the gradient fractions. During incubation 

the polysomes rapidly shift from a large to a smaller size 
with a corresonding increase in the amount of 80S particles 
(Fig. 3B and 3C). The highest radioactivity was initially 
in the polysome region and was observed to shift towards 
the smaller polysomes with time. After 15 min incubation 
at wae polysome "run-off" was virtually complete with 
only disomes remaining. Continued incubation for 30, 

45 and 60 min gave the same pattern as the 15 min sample. 
Exposure of a 60 min sample to 3 mM Mg**-500 mM KCl resulted 
in the dissociation of the 80S ribosomes into subunits. 
Sucrose gradient analysis indicated that the labeled 
peptides were bound exclusively to the 60S subunits. Pre- 
sumably these peptides were short enough that they did not 


hinder dissociation of the ribosome particle into subunits. 


(b) Dissociation of run-off 80S ribosomes into 
subunits 
A criterion for the effectiveness of run-off 
is the extent of dissociation of 80S ribosomes into subunits 
that occurs on increasing the salt concentration to 300-500 
mM KCl (Lawford, 1969). 
Table 1 shows the relationship between the condi- 


tions of polysome incubation, the ionic strength at the 
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dissociation step and the extent of dissociation achieved. 
Polysomes incubated at 37° in the presence and absence of 
components that support protein synthesis were found to 
contain 12% and 5% subunits, respectively, when analyzed by 
sucrose gradient centrifugation under normal ionic condi- 
tions (Expt. 1). Incubation of polysomes alone at oy (ad 
followed by exposure to high KCl resulted in one-third 

of the ribosomes dissociating into subunits (Expt. II). 
However, if this Pra ean was carried out in the presence 
of an energy-generating system and supernatant factors, 
then 70-72% of the run-off 80S ribosomes dissociated into 
subunits (Expt. III). 

The remaining 80S ribosomes and disomes are re- 
sistant to dissociation and most likely contain peptidyl- 
tRNA and mRNA. These particles do not represent run-off 
80S ribosomes but rather "stuck 80S ribosomes". This was 
shown to be the case by recovering these ribosomes from 
a gradient, treating them with puromycin and finding them 
to be sensitive to dissociation by KCl. 

From Table 1 one can also see that the use of 
500 mM KCl at the dissociation step and 300 mM KCl in the 
sucrose gradient was just as effective as using 500 mM KCl 
in both cases. The advantage of using lower salt in the 
sucrose gradient is to minimize the salt effect on the 
subunits which may affect the conformation and activity. 

Since nearly 30% of the 80S ribosomes were still 


resistant to dissociation at high KCl, the question arose 
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Table 1. Dissociation of run-off ribosomes into subunits 
under various conditions of incubation 


SS SS SS SSS ss SAS SPSS 
SS Se SS SES 


MgC1.-KCl concentration (mM) 


Polysome incubation Dissociation Sucrose % 
conditions step gradients Dissociation 
EXPT = 
Control .0 Cc 5-100 5-100 
Incubated 37°C 5-100 5-100 4.8 
Incubated 37°C + 
incorporation 5-100 5-100 aE ane 
components* 
EXPT; EI 
Incubated 37°C 3-300 3-300 2553 
Incubated 37°C 5-500 3-300 S2a9 
Incubated 37°C 5-500 5-500 33 aL 
bP, G EM bog a 
Incubated 37°C + 
incorporation 3-300 3-300 65.8 
components 
Incubated 37°C + 
incorporation 5-500 3-300 12 ao 
components 
Incubated 37°C + 
incorporation 5-500 5-500 SAOERO) 
components 


*All components required for amino acid incorporation as 
described in Materials and Methods. 
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as to whether the supply of energy or supernatant factors 
were adequate. Table 2 shows the results of an experiment 
in which the regular amount as well as a supplemental 
amount of creatine phosphate + creatine phosphokinase and 
Supernatant factors were used. The additional factors 
increased the percent dissociation of run-off 80S from 
63% to 80%. Initially this appears as an improvement, how- 
ever, if compared with other experiments in which the 
routine dissociation was 70%, then the difference here is 
not' as significant. 

All experiments up to this point had been done 
using 4 mM Mg2* during the incubation, therefore, the 


2+ 


effect of Mg concentration on polysome "run-off" was 


examined. The optimum concentration was found to be in 


the range of 2.5 to 3.5 mM Mg** (Table 3). Changing the 


Mg?* concentration from 4.0 mM to 3.0 mM might improve the 
dissociation slightly, but this would still not account for 
the remaining KCl-resistant 80S ribosomes. 

The quality of the isolated polysomes seemed 
to be the most critical factor in determining the extent 
of dissociation. Using carefully prepared polysomes and 
fresh supernatant enzymes (i.e. never frozen) total run-off 
of 80S particles was obtained which would dissociate com- 
pletely into subunits at 500 mM KCl. However, after 
scaling up the procedure 50-fold, the best dissociation that 


could be routinely obtained was 80-90%. This same phenome- 


non has also been observed before (Falvey, Staehelin, 1970). 
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Table 2. Effect of additional supernatant factors and 
creatine phosphate + creatine phosphokinase during 
incubation on the dissociation of run-off 80S ribosomes 
into subunits. 


MgC1,-KC1 concentration (mM) 


Polysome incubation Dissociation Sucrose % 
conditions step gradient Dissociation 
Regular components* 5-100 5-100 2.8 
5-500 5-500 63.0 
Additional components’ 5-100 5-100 Lo 
5-500 5-500 80.0 


*Incubation with regular amount of incorporation components 

at 379 for 30 min as described in Materials and Methods. 
Incubation at 37° for 20 min with regular components, then 

additional pH 5 enzyme and creatine phosphate + creatine 

phosphokinase was added and the incubation continued to 

45 min. 
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Table 3. Effect of Mg concentration during incubation 
on the dissociation of run-off 80S ribosomes 
into subunits 


MgC1.-KC1l concentration (mM) 


Polysome incubation Dissociation | Sucrose % 

conditions step gradient Dissociation 

Control 0°C 5-100 5-100 250 

2.5 mM MgCl. 5-100 5-100 3.9 
5-500 5-500 Seas 

3.5 mM MgCl, 5-100 5-100 4.2 
5-500 5-500 Dili 

5.0 mM MgCl, 5-100 5-100 Pee) 
5-500 5-500 43.9 


Polysomes were incubated at 37° for 30 min in the complete 
amino acid incorporating system as described in the 
Materials and Methods. The control sample was incubated in 
the presence of 4 mM MgCl.. 
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The remaining 10-20% 80S ribosomes were difficult to 
separate from the 60S subunit fraction which ultimately 
resulted in lower yields of pure 60S subunits. In order to 
obtain complete dissociation puromycin was used to sen- 


sitize the remaining "stuck 80S ribosomes". 


(c) Treatment of "KCl-resistant" 80S ribosomes 
with puromycin 

Puromycin, either by itself or in combination 
with supernatant factors, has been used to make ribosomes 
sensitive to high salt (Lawford, 1969; Von Der Decken 
et al., 1970; Mechler, Mach, 1971; Blobel, Sabatini, 1971). 
In order to find the optimum concentration of puromycin for 
our system polysomes were incubated in the cell-free incor- 


poration system, treated with various concentrations of 


puromycin, exposed to 0.5 M KCl and then analyzed in sucrose 


gradients. Without puromycin treatment approximately 303% 
of the 80S particles remained undissociated (Fig. 4B). At 


0.05 mM puromycin only a trace amount of 80S ribosomes 


remained (Fig. 4C). At 0.1 mM complete dissociation occurred 


(Fig. 4D). This concentration of puromycin (0.1 mM) is 
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10- to 20-fold less than has been used by other investigators. 


(d) Large scale preparation of ribosome subunits 
For the large scale preparation of ribosome 


subunits, 600-1000 A units of mouse liver polysomes were 


260 
used. Figure 5 shows the sedimentation profile of the 


subunits obtained after the dissociation procedure. The 
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Figure 4. Sucrose density-gradient analysis of "KCl 


resistant" 80S ribosomes treated with puromycin. Linear 
sucrose gradients (10-20%) were made up with the same 
buffer as ribosomes except 8-ME, DTE, and glycerol were 
omitted. Centrifugation was in a Spinco SW 50.1 rotor at 
40,000 rpm for 60 min at 4°. 


A. Polysomes incubated at 37° for 30 min in the presence 
of all components aha ee! for protein synthesis, 
analyzed in 5 mM Mg2t-100 mM KCl. 

B. Same as A then incubated at 37° for 10 min in 3 mM 
Mg2+-500 mM KCl, analyzed in 2 mM Mg2+-300 mM KCl 

C. Same as A with sample adjusted to 0.05 mM pyromycin 
then incubated at 37° for 10 min in 3 mM Mg*t-500 
mM KCl analyzed in 2 mM Mg2t+t-300 mM KCl. 

D. Same as A with sample adjusted to 0.1 mM puromycin 
then incubated at 37° for 10 min in 3 mM Mg2+-500 
mM KCl, analyzed in 2 mM Mg2*+-300 mM KCl. 
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Figure 5. Preparation of mouse liver ribosomal sub- 


units by sucrose density-gradient centrifugation. Reaction 
mixture for run-off of polysomes was prepared as described 
in Materials and Methods. 100-150 Angp units (5 ml of 
reaction mixture) were layered onto a 30 ml 0.3-1.0™M 
convex-exponential sucrose gradient containing 20 mM 
Tris-HCl (pH 7.4), 2 mM Mg2+, 300 mM KCl, 6 mM 8-ME and 
0.25 mM DTE. Centrifugation was in a Spinco SW 27 rotor 
at 25,000 rpm for 14 hr at 4°. The gradients were frac- 
tionated (1.9 ml fractions) using a flow cell attached 
to a Gilford Model 2000 spectrophotometer. 
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40S subunits were collected in one fraction while the 605 


were collected as a lead, center, late and bottom fraction. 


2. Physical characterization of the isolated ribosome 
subunits 

Four criteria that were used to determine the 
purity and quality of the isolated ribosome subunits include: 
(i) a single peak on sucrose density-gradient analysis, 
(ti) ability of the subunits to reassociate to form 80S 
ribosomes, (iii) homogeneity of subunit ribosomal RNA 
and, (iv) measurement of their amino acid incorporating 
ability. The first three criteria will be described in 
this chapter while the biological activity is under a 


separate heading in Chapter III. 


(a) Analysis by sucrose density-gradient centri- 
fugation 
Figure 6 shows the sedimentation profiles of 

the subunits when analyzed on linear 10-20% sucrose 
gradients. The 40S subunits showed no contamination with 
60S particles (Fig. 6B) as analyzed at 2 mM Mg and 200 mM 
KGW (Kt /Mg7t ratio 100). When the isolated 40S subunits 
were analyzed at 1 mM Ma E - 100 mM KCl (K* /Mg7* Ba EG 00) , 
a Slight shift of the peak to the heavier side was noticed. 
This shift was small and was thought to represent a con- 


figurationall changeorathen than damerizationy jOther re- 


search groups have found mouse liver 40S subunits to dimerize 
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EFFLUENT VOLUME (ml) 


Figure 6. Sucrose density-gradient analysis of isolated 
ribosome subunits. Linear sucrose gradients (10-20%) 

were made up in 20 mM Tris-HCl (pH 7.4) buffer containing 
the indicated amounts of Mg?t and KCl. Approximately 

0.5 Aggp9 unit of ribosomes or subunits was analyzed. Cen- 
trifugation was_in a Spinco SW 50.1 rotor at 40,000 rpm 
for 60 min at 4°. 


A. Run-off 80S ribosomes in 5 mM Mg2*-100 mM KCl 
B. 40S subunits in 2 mM Mg2t-200 mM KCl 
C. 60S subunits in 2 mM Mg2+-100 mM KCl 
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only when exposed to a much lower K /Mq7 ratio. However, 
this does illustrate that not only the ratio but also the 
absolute amount of K* and Mg?t are important in determin- 
ing the sedimentation properties of the isolated subunits. 
Initial analysis of the 60S subunits showed a 

small shoulder of heavier sedimenting material (results not 
shown). This material was removed by resedimenting the 60S 
subunits on a preparative convex-exponential sucrose gra- 
dient containing 5 mM Mes", and collecting only the center 


fraction of the 60S peak. These 60S subunits (Fig. 6C) were 


free of 40S subunits and more importantly, of 80S ribosomes. 


(b) Soe a decaien of ribosome subunits to form 
80S ribosomes 

Isolated 40S and 60S subunits were mixed at 
various ratios at 5 mM Mg?* (at the same total A609) 
and then analyzed by sucrose gradient centrifugation. In 
all cases 80S ribosomes were formed with the optimum Ar6Q 
ratio of 40S/60S subunits being approximately 1/2 (Fig. 7). 
This reassociation was spontaneous and did not require the 
addition of tRNA, mRNA or supernatant factors. At a higher 
40S/60S ratio (i.e. 1/1), the excess 40S appeared to form 
aggregates showing a broad sedimentation pattern (Fig. 7A). 

In experiments described later (Chapter III, 
Results, section 1) the highest amino acid incorporation 


was obtained in the presence of 40S and 60S particles in 


a ratio of 1/2.5 This is nearly equivalent to the theo- 
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Figure 7. Reassociation of isolated 40S and 60S subunits 
to form 80S ribosomes. The samples were analyzed as 
described in Fig. 6 with gradients containing 20 mM Tris- 
HCl (pH 7.4), 5 mM Mg2+ and 100 mM KCl. Ribosome subunits 
were mixed in the indicated A260 ratios, adjusted to 5 mM 
Mg2+ - 100 mM KCl and incubated at 37° for 5 min. 


A. 40S/60S Aj¢g ratio 1/1 
B. 405/608 A260 ratio 1/2 
C. 40S/60S A269 ratio 1/3 
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retical ratio” of 1/2.4 for the stoichiometric association 
of 40S and 60S subunits. This indicates that essentially 
all of the isolated 40S and 60S subunits are structurally 


intact and are able to form 80S ribosomes. 


(c) Analysis of ribosomal RNA 

The extent of cross-contamination of the sub- 
unit preparations as well as subunit structural integrity 
can be determined by extracting and analyzing their RNA. 
The results of such an experiment can be seen in Figure 8. 
Run-off 80S ribosomes showed 18S and 28S RNA in a ratio 
of 1/2.4 (Fig. 8A). The 40S subunit preparation gave 18S 
RNA free from contamination by 28S RNA (Fig. 8B) while the 
60S subunits showed 90% 28S RNA with the remainder com- 
prising a 20S component and a low molecular weight RNA 
which likely represented 5S RNA. No 18S RNA was observed 
indicating no contamination by 40S or 80S ribosomes. The 
origin of the 20S RNA was not clear but may be a degrada- 


tion product of the 28S RNA. 


Ithe theoretical ratio was determined from the molecular 
weight of the 18S and 28S ribosomal RNA, assuming the 40S 
subunit contains one molecule of 18S RNA, MW 0.7 x 10 
daltons; and the 60S subunit contains one molecule of 28S 
RNA, MW 1.7 x 106 daltons; 40S/60S = one 18S RNA/one 28S 
RNA = 0.7 x 106/1.7 x 106 = A260 ratio 1/2.4 (Petermann, 
Pavlovec, 1966; Hamilton, 1967). 
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Figure 8. Sucrose density-gradient analysis of ribo- 
somal RNA. Linear sucrose gradients (10-20%) were made 
up with 20 mM Tris-HCl (pH 7.4), 1 mM Mg2+ and 50 mM NaCl. 
Centrifugation was in a Spinco SW 50.1 rotor at 48,000 
Lpne ton 2.50 lr. 


A. RNA extracted from run-off 80S ribosomes 
B. RNA extracted from 40S subunits 
C. RNA extracted from 60S subunits 
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(d) Analysis of ribosomal proteins 

The ribosomal proteins isolated from the 40S 
and 60S subunits were analyzed by polyacrylamide gel 
electrophoresis (Figure 9). A large number of protein 
bands were detected in each case. Although precise compar- 
isons are difficult, it is“cl@ar that the band patterns 
of the proteins from the 40S and 60S subunits are distinct 
from each other. A number of bands near the top of the 
gel of the 80S ribosome are not detected in either the 40S 
or 60S fraction. These bands may represent loosely- 
bound proteins such as initiation factors, which were 
subsequently removed in the process of preparation of the 
subunits. 

A question of current interest is whether 
ribosomes from various tissues, and also from tissues 
of different species, contain the same ribosomal pro- 
teins. An earlier study on ribosome subunits isolated 
from L5178Y mouse lymphoma cells (Faber, Tamaoki, 1972) 
included the polyacrylamide gel analysis of the ribosomal 
proteins. Comparison of the gel patterns of ribosomal 
proteins from mouse liver and mouse lymphoma revealed 
some differences (Fig. 10). The methods used for the 
isolation of subunits and extraction and analysis of 
proteins were the same for both tissues. The numbers 
associated with the protein peaks on the densitometer 
tracings are purely for ease of comparison and do not 


represent the actual number of protein bands, since a 
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Figure 9. Analysis of mouse liver ribosomal proteins by 
polyacrylamide gel electrophoresis. Ribosomal proteins 
were extracted as described in Materials and Methods from 
run-off 80S ribosomes, 40S and 60S ribosome subunits. 
Electrophoresis was carried out in 10% polyacrylamide 

gels containing 6 M urea at pH 4.5 with migration from 

the anode to cathode at 4 mA/gel. The proteins were 
stained with 1% Amido Black in 7.5% acetic acid for 

1 hr and then destained electrophoretically. 
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Figure 10. Comparison of mouse liver and L5178Y mouse 


lymphoma ribosomal proteins. Polyacrylamide gel electro- 
phoresis was carried out as described in Figure 9. Gels 
were scanned at Ags5o using a Gilford Linear Transport 
apparatus attached to a Gilford Model 2000 spectrophotometer. 


A. Lymphoma 40S ribosomal proteins 
B. Lymphoma 60S ribosomal proteins 
C. Liver 40S ribosomal proteins 
D. Liver 60S ribosomal proteins 
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single band may contain several different proteins (Fogel, 
Sypherd, 1968; Hardy et al., 1969). 

The ribosomal protein patterns for the 60S sub- 
units of lymphoma and liver cells were nearly identical 
(Fig. 10B and 10D). Peaks 1 through 16 correspond in 
mobility as well as in peak height with the only area of 
difference being between peaks 4 to 6. Proteins from the 
lymphoma and liver 40S subunits, on the other hand, show 
substantial differences in the slower migrating proteins 
(peaks 1-7) although proteins 8-16 were essentially the 


same (Fig. 1OA and 10C). 


D. Discussion | 

Early attempts to dissociate ribosomes by using 
Magnesium chelating agents, such as ethylene diamine 
tetraacetic acid (EDTA) (Lamfrom, Glowacki, 1962; Tashiro, 
Morimoto, 1966) resulted in subunits with poor biological 
activity. Martin and Wool (1968) successfully used high 
concentrations of KCl to obtain ribosome subunits that were 
active in poly(U)-directed Phe incorporation. Since that 
time, other methods have become available in which treat- 
ment with high concentrations of KCl are not necessary; 
preincubation of polysomes (Falvey, Staehelin, 1970) and 
the use of puromycin (Lawford, 1969; Blobel, Sabatini, 1971; 
Von Der Decken et al., 1970; Mechler, 1971) being two 


other methods. 
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For the analysis of 80S ribosomes and subunits, 
linear sucrose gradients were found to be adequate. The 
practical limitation of this type of gradient is that 
particles aed down as they pass through the gradient 
which results in a loss of resolving power. In 1967 
Noll published a method for making an isokinetic gradient 
in which all particles with the same Nenad ueeaincot 
at a constant rate throughout the gradient. The advan- 
tage of this method is that with increasing time, separa- 
tion between particle peaks increases allowing high 
resolution of complex patterns. These gradients there- 
fore can be used as a diagnostic test for the quality 
of a polysome preparation. In our preparations 9-11 
separate bands were observed. The range of S-values 
for the polysomes was estimated to be 80-450S with an 
average value of 360S (Noll, 1967). 

The importance of the optimum Kt /Mg*t ratio 
in dissociating ribosomes has been noted previously 
(Faber, Tamaoki,1972). Too low a value results in poor 
dissociation while too high a value results in breakdown 
of the ribosome particle. Disintegration of the ribo- 
some particle is believed due to loss of stabilizing 


2+ 


components, primarily Mg ions (Chao, Schachman, 1956; 


Tissieres, Watson, 1958; Hamilton, Petermann, 1959). 
Mg? ions are partially responsible for the forces that 


bind the ribosomal components together. Traub and 
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Nomura (1969), in studies on the reassembly of the com- 
ponents of £. colt 30S subunits, have found that Mg?* 
and K* ions were absolutely required for the correct place- 
ment of the ribosomal proteins on the 16S ribosomal RNA 
molecule. These cations are believed to neutralize the 
negative charges of the phosphodiester linkages in the 

RNA molecule (Watson, 1964). This would allow nonionic 

weak bonds such as hydrogen bonds and hydrophobic interac- 
tions to associate the ribosomal proteins with the ribosomal 
RNA. A second role for Mg? ions involves the binding of 
the small subunit to the large ribosome subunit. In this 
case the divalent cations neutralize the anionic charges 
between the "contacting surfaces" of the subunits thereby 
allowing other interactions to occur which give a high 
degree of orientation and alignment to the subunit re- 
association. There is evidence for both protein-protein 
interactions (Morgan et al., 1963; Tamaoki, Miyazawa, 1967; 
Lerman et al., 1966) as well as “Watson-Crick" type RNA-RNA 
interactions (Marcott-Queiroz, Monier, 1965; Moore, 1966) 
between the subunits. Therefore the optimum Kt /Mg?* 

ratio for dissociation would appear to displace sufficient 
Mg?* ions to cause separation of the ribosome into subunits 


while insufficient to cause changes in the ribosomal RNA- 


protein interaction within the subunits. 
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The optimum concentration of puromycin for our 
system was one-tenth that normally used by others (Lawford, 
1969; Blobel, Sabatini, 1971) but was sufficient to bring 
about complete dissociation of ribosomes because of the 
relatively small amount of "stuck 80S ribosomes" in the 
polysome preparations employed. Under these conditions 
there will be fewer peptidyl-puromycin derivatives formed 
which may be capable of sticking to ribosomes. Subunits 
prepared in this way should, therefore, be cleaner and 
possibly more active. 

The explanation for the observed slight shift in 
sedimentation profile of the isolated 40S subunits could 
involve a change in conformation to a more compact struc- 
ture. This change was reversible by increasing the KCl 
concentration from 100 mM to 200 mM at a constant Kt /Mig2t 
ratio of 100. Since increased salt was required to obtain 
the original conformation, this suggests that some internal 
anionic groups are not properly neutralized. Animal 
ribosomes are known to contain the polyamines, spermine, 
spermidine, cadaverine and putresine (Zillig et al., 1959). 
These polyamines have been shown to stabilize ribosomes 
against enzymatic and thermal degradation and to prevent 
dissociation in low Mgt buffers (Siekevitz, Palade, 1962; 
Ohtaka, Uchida, 1963). The exposure to 0.5 M KCl in the 
process of preparation of 40S subunits may have displaced 


some of the bound polyamines causing the change in con- 


formation. 
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An alternative explanation would be that the 
subunits have dimerized, although for most 40S subunits 
a une ratio much lower than 100 was required (Lawford, 
1969; Petermann, 1971). In an electron microscopy study, 
Nonamura, Blobel and Sabatini (1971) found that a Riya oO 
ratio of approximately 5 (25 mM Ke / 5 mM Man) was required 
to dimerize their isolated rat liver 40S subunits. Falvey 
and Staehelin (1970) prepared both mouse and rat liver 
ribosome subunits and found the mouse liver 40S subunits 
to be less susceptible to dimerization than the rat liver 
40S subunits. These observations make it unlikely that 
our 40S subunits had dimerized under the conditions used. 

Rat liver 60S subunits have been shown to form 
dimers at 4%c in low K buffers (Martin et al., 1969). 

Our isolated mouse liver 60S ribosome subunits showed no 
tendency to change conformation or dimerize under various 
ionic conditions of gradient analysis. 

The isolated mouse liver 40S and 60S subunits 
were evidently physically intact since they readily re- 
associated to form 80S ribosomes at ionic concentrations 
routinely used for isolation and storage of ribosomes (5 mM 
Maou 100 mM Faye Cross-contamination of the 40S and 60S 
subunits was very low as assayed by sucrose gradient analy- 
sis of the subunits and extracted ribosomal RNA. The 
initial 60S subunit fraction contained about 13% 40S 
subunits which was reduced to 2% by a second gradient 


separation. The 28S ribosomal RNA extracted from the 60S 
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pubaniecnanowed 10% of the total UV-absorbing material 

to sediment at 20S which may represent a cleavage product. 
Shakulov et al (1962) have shown that breakage of the 
polyribonucleotide within the ribosome can occur due to 
mechanical breakage or ribonuclease action, without any 
changes in the physicochemical properties of the subunit. 

The significance of the difference in gel patterns 
of ribosomal proteins of the 40S subunits of mouse liver 
and mouse lymphoma are unknown at this time. Some ribo- 
somal proteins are believed to differ from species to 
species (Otaka et al., 1968; Takagi et al., 1970; Low, 
Wool, 1967). Mutolo et al (1967) have shown by gel electro- 
phoresis that ribosomal proteins from sea urchin embryos 
differed by as much as 50% from chick liver ribosomal 
proteins. These differences could not be accounted for by 
contamination with cytoplasmic protein since examination 
of tissues of the same embryos or those at different 
developmental stages showed no difference in ribosomal 
protein patterns. These results suggest that some ribo- 
somal proteins are species-specific. 

Girolamo and Cammarano (1968) undertook a 
meticulous study of ribosomal proteins isolated from 
tissues of several animals. Their results also support 
the concept of some ribosomal proteins being species- 
specific. The most interesting observation from their work 


was that only the protein patterns of the small subunit 
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(32S), isolated from several tissues of the same animal, 
were different. 

Evidence has also been noted for differences in 
ribosomal proteins of various organs in the same animal 
(Huynh-Van-Tan, et al., 1971; MacInnes, 1972; Delaunay, 
1972). Generally the differences are smaller than those 
described above. MacInnes (1972) compared the ribosomal 
protein patterns of the 40S and 60S ribosome subunits of 
mouse liver and brain. In both the small and the large 
subunits, he noted consistant quantitative differences 
in some of their protein components. However, no major 
protein bands were present in one tissue and entirely 
absent in the other. 

Support for our observation that the differences 
in the ribosomal protein patterns of the 40S subunits of 
liver and lymphoma are authentic include: (i) the 80S 
ribosomal protein patterns of mouse liver and lymphoma 
were not identical, (ii) the prepared subunits were 
physically and functionally intact which was not shown 
in other studies (capable of reassociation to form 80S 
ribosomes active in poly (U)-directed phenylalanine incor- 
poration), and (iii) the 60S subunit protein patterns were 
nearly identical in both electrophoretic mobility and peak 


amplitude, indicating reliability in the method of analysis. 
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To try to answer why some ribosomal proteins 
differ among tissues would be very speculative at this 
time. Several proteins are known to exist which associate 
with ribosomes transiently. They include initiation, 
elongation and termination factors which may associate with 
ribosomes of different species in varying degrees of 
affinity. Thus differences observed in 80S ribosomal 
protein patterns from various tissues could be explained 
by this phenomenon. However, in the case of ribosome 
subunits most of the transiently bound proteins can be 
removed during the preparation procedure. The difference, 
therefore, reflects the more tightly-bound ribosomal 
protein components. 

Since the small subunit participates in the 
initial step of protein synthesis, it is interesting to 
speculate that these observed differences might be associ- 
ated with the regulation of protein synthesis. 

Recently Bollen, Petre and Grosjean (1972) 
have observed the release of three ribosomal proteins 
(Sl, S2, one unassigned species) from £. colt 30S subunits 
that are engaged in the initiation complex. Two are 
known to function in a supporting role for the initiation 
of protein synthesis. Protein Sl is required for optimal 
messenger RNA binding to the Pipasene (Van Duin, Kurland, 
1970), while protein S2 in combination with other ribosomal 
proteins stimulates the binding of f-Met-tRNA to 30S 


ribosomes in the presence of messenger RNA (Randall- 
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Hazelbauer, Kurland, 1972). These results suggest that 
"fractional proteins" (i.e. present in amounts less than 
one copy per 30S subunit) cycle from free 30S subunits 

to those engaging in protein synthesis. Whether a similar 
mechanism is functioning during initiation in eucaryotes 
remains to be determined. 

This chapter has dealt with the physical 
properties of the isolated ribosome subunits. The most 
critical question to be answered in any purification 
procedure is whether the isolated component still retains 
its biological activity. Chapter III describes experiments 
that show the biological activity of the isolated subunits 
as well as the properties of an amino acid incorporation 


system utilizing precharged tRNA. 
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CHAPTER III 
MAMMALIAN CELL-FREE PROTEIN SYNTHESIS USING 


POLY (U) AS A SYNTHETIC RNA TEMPLATE 


A. Introduction 

In a cell-free system first developed by Nirenberg 
and Matthaei (1961), polyuridylic acid was found to func- 
tion as the template for phenylalanine (Phe) incorporation. 
This finding provided experimental evidence for the exis- 
tence of messenger RNA (mRNA). Another significant 
contribution of the poly(U)-directed Phe incorporation 
system has been to provide a model whereby ribosomes, 
Supernatant enzymes and other factors can be tested for 
their ability to support protein synthesis. Ribosome 
subunits were first implicated in the process of protein 
synthesis by Gilbert (1963). He found that both the 30S 
and 50S ribosome subunits of #. colt were required for 
poly (U) -directed (+4c}phe incorporation. Sucrose density- 
gradient analysis of the reaction mixture showed formation 
of a ribonuclease sensitive Phe incorporating complex which 
had a range of sedimentation coefficients from 140-200S. 
The conclusion from these experiments was that several 70S 
ribosomes had attached to poly(U) in the process of 
translating the message. 

Conclusive evidence for the involvement of the 
30S subunit rather than the 70S ribosome in the initiation 


process came from work done by Nomura and coworkers (Nomura, 
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Lowry, 1967; Nomura, Lowry, Guthrie, 1967; Guthrie, 
Nomura, 1968). Their results indicated N-formylmethionyl- 
tRNA, bound preferentially to 30S subunits programmed by 
poly (AUG) or f, RNA and following the addition of the 50S 
subunit, formed an active protein-synthesizing complex. 

The preparation of active mammalian ribosome 
subunits has been much more difficult than from procaryotes. 
The first methods to produce ribosome subunits used 
pyrophosphate, EDTA or low Mq-” concentration (Lamfrom, 
Glowacki, 1962; Petermann, Pavlovec, 1969). These subunits 
characteristically had poor biological activity and in 
many cases had undergone irreversible structural changes. 
Martin and Wool (1968, 1969) successfully prepared active 
mammalian ribosome subunits. Their method relied on the 
use of a high concentration of KCl (0.88 M) with an 
incubation at elevated temperatures. By this method they 
were able to prepare active ribosome subunits from rat 
liver, rat muscle, rabbit muscle, and a protozoan (Tetra- 
hymena pyrtformts) and also showed that the hybrid ribo- 
somes were active. Lower concentrations of KCl were found 
to be effective if the ribosomes were preincubated under 
protein synthesizing conditions (Falvey, Staehelin,1970) 
or in the presence of puromycin (Lawford, 1969). 

In 1968 Miller and Schweet reported that reticu- 
locyte ribosomes washed with 0.5 M KCl required the addition 
of this ribosome wash for the de novo synthesis of hemo- 


globin. If it was not added, only nascent peptide chains 
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In 1968 Miller and Schweet reported that reticu- 
locyte ribosomes washed with 0.5 M KCl required the addition 
of this ribosome wash for the de novo synthesis of hemoglo- 
bin. If it was not added, only peptide chains already 
ater ated were completed. Ribosome wash, when added to a 


poly (U)-directed Phe incorporating system, lowered the Mg?* 


optimum from 10 mM to 5 mM Mgt ("Mg?* 


shift"). These 
results suggested that ribosome wash stimulated the 
formation of an initiation complex. 


2+ 


Using the Mg shift assay two factors, IF-M 


1 
and IF-M., were shown to be required for the initiation 
of polyphenylalanine synthesis directed by poly(U) at low 
Mg?* concentration (Shafritz et al., 1970; Shafritz, 
Anderson, 1970: Woodley et al., 1972). This assay has 
also been used to show initiation factor activity in 
rat liver (Grummt, Bielka, 1971), chick oviduct (Means 
et al., 1971) and ascites cell-free systems (Leader et al., 
Og 2s 

In this chapter, studies on the enzymatic activity 
of the isolated mouse liver ribosome subunits and run-off 
80S ribosomes are described. Two poly(U)-directed Phe 


incorporation systems were used. The Nirenberg system, 


using labeled [+4] Phe with crude supernatant enzyme 
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fractions was used because of its simplicity of design. 

The second, a precharged tRNA system, using labeled amino- 
acyl-tRNA and peptide chain elongation factors eliminated 
components necessary for the acylation of tRNA. The 
properties of the incorporation systems and the utilization 
of the precharged tRNA system for the assay of initiation 


factor activity are described. 


B. Materials and Methods 

E. colt B and yeast tRNA were purchased from 
General Biochemicals Co., poly(U) from Miles Laboratories 
Inc., diethylaminoethyl (DEAE)-cellulose from Whatman, 
and Sephadex G-100 and Ficoll from Pharmacia. Nitrocellu- 
lose membrane filters (0.45 um) were purchased either from 
Millipore Filter Corp. (Millipore filters) or from R-B 
Filters Ltd. (Microfil filters). [14c]Phe (455 mCi/mmole) 
was purchased from Amersham/Searle; [2H] Phe (6.15 Ci/mmole) 


from New England Nuclear. 
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Ribosomes 


The preparative procedures for mouse liver run- 
off 80S ribosomes and subunits are described in Chapter II. 
Total polysomes and membrane-bound polysomes were prepared 
according to Blobel and Potter (1967) and washed twice 


Wit Os 1M KC], 


Preparation of enzyme fractions 

The aminoacyl-tRNA synthetases and crude elonga- 
tion factors were prepared by modification of the methods 
of Moldave (1968) and Arlinghaus et al. (1968). 

(i) Aminoacyl-tRNA synthetases. 

The pH 5 precipitate prepared as described in 

Chapter II was used as a source of aminoacyl-tRNA synthe- 
tase. The pH 5 enzyme fraction was adjusted to pH 7.4, 
treated with 0.05% protamine sulfate (pH 6.5) for 30 min 
at 0°C with stirring. This was then centrifuged at 


Loy O00rx «Gg (av)) for. 10 lmin. | (NH SO, was added to the 


4)2 
supernatant and the protein fraction precipitated between 
25-70% saturation was collected, dissolved in buffer A 
containing 15% glycerol and dialyzed against the same 
buffer. 
(ii) Crude elongation factors. 

Crude elongation factors were prepared from 

the supernatant obtained after precipitating the pH 5 


enzyme. Protamine sulfate was added to this fraction 


and the precipitate was removed by centrifugation as 
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described above. To the supernatant (NH SO, was added 


4)2 
and the protein fraction precipitated between 25-70% 
saturation was collected, dissolved in buffer A containing 


15% glycerol, and dialyzed against the same buffer. 


Mouse liver tRNA 

To the post-microsomal supernatant fraction a 
one-hundredth volume of 20% Macaloid and a one-twentieth 
volume of 20% potassium acetate (pH 5.4) were added and 
shaken with an equal volume of water-saturated phenol 
for 30 min at room temperature. The aqueous layer was 
separated from the phenol layer by centrifugation at 12,000 
x g (av) for 10 min. Two and one half volumes of 95% 
ethanol was added to the aqueous layer and the sample 
was kept at -30° for at least three hours. The precipi- 
tated RNA was collected by centrifugation, dissolved in 
water, and the remaining phenol extracted with ether. 
Potassium acetate (20%) was added to the sample to a final 
concentration of 1% and the RNA precipitated with ethanol 
as above. The precipitate was dissolved in 2 M LiCl, 
0.1 M potassium acetate (pH 5.0). Undissolved material 
(high molecular weight RNA) was removed by centrifugation. 
Transfer RNA in the supernatant was precipitated with 
ethanol and then dissolved in 2 M Tris-HCl (pH 8.5). 
Macaloid was added to a final concentration of 0.04% 
and the sample was incubated at 37°C for 40 min. Potassium 


acetate and ethanol were added as above and the precipitated 
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tRNA washed twice with ethanol then twice with ether, 
dissolved in 50 mM Tris-HCl (pH 7.4), 5 mM Mg**, 100 mM KCl, 
1 mM DTE, 0.25 mM EDTA and dialyzed against the same buffer. 


For immediate use the tRNA was stored in small amounts at 


-30°, but for long storage it was kept in powder form. 


"Nirenberg" amino acid incorporation system 

The assay system for the incorporation of (+4c] Phe 
into acid-insoluble material contained per ml: 1 umole ATP, 
0.3 umole GTP, 10 umoles creatine phosphate, 50 ug creatine 
phosphokinase, 200 ug poly(U), 20 umole Tris-HCl (pH 7.4), 
100 umole KCl, 6 umole B-mercaptoethanol (8-ME), 10 umole 


MgCl OSES "1ucr ( 4c] phe (455 mCi/mmole), 0.03 umole each 


OMe 


of 19 other amino acids, 1.25 A units of ribosomes, 


260 
100 ug mouse liver tRNA, 250 ug crude elongation factor, and 
200 ug aminoacyl-tRNA synthetase protein. The 0.2 ml 
reaction mixtures were incubated at 37° for 30 min and 

the reaction stopped by the addition of trichloroacetic 

acid (TCA) “to -a-final ‘concentration /oFVL0ty “The samples 
were placed in boiling water for 10 min, cooled in ice, 
filtered through 0.45 um Millipore filters, and washed with 
LOVmiMof 5$-TCA.” After drying the. frlters for*L0*min 

under a heat lamp, hot TCA-insoluble radioactivity was 


measured in toluene-based scintillation fluid using a 


Nuclear Chicago liquid-scintillation counter. 
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Acylation of tRNA 

Aminoacyl-tRNA synthetases were prepared from 
E. colt and mouse liver as described previously. The 
reaction mixture for charging of tRNA contained per ml: 
0.6 umole CTP, 4 umole ATP, 10 umole creatine phosphate, 
50 ug creatine phosphokinase, 50 umole Tris-HCl (pHP 754), 
10 umole MgC1.,100 umole KCl, 6 umole B=ME, 2-4 mg 
aminoacyl-tRNA synthetases, 2.5 mg mouse liver tRNA or 
5 mg of either yeast or £. coli B tRNA, and 20 uCi [7H] Phe 
Orv): Gs (74ciphe. The reaction mixture was incubated 
at 37° for 10 min and a one-tenth volume of 20% potassium 
acetate (pH 5.4) was added. Transfer RNA was extracted by 
the H,O-saturated phenol method as previously described. 
The first aqueous layer was reextracted twice with phenol. 
RNA in the final aqueous layer was precipitated by the 
addition of a one-tenth volume of 1 M NaCl, two volumes of 
95% ethanol and MgCl, to give a final concentration of 
10 mM. After 2 hours at -30° , the precipitate was collected 
by centrifugation at 12,000 x g (av) for 10 min. The pellet 
was washed three times, initially with 6 ml of 95% ethanol 
(at -30°), then ethanol/ether (1/1 ratio) and finally ether. 
The acylated tRNA was dissolved in buffer containing 50 mM 
potassium acetate (pH 5.4) and 5 mM MgCl... Excess ether 
was removed by gently blowing nitrogen gas over the 
surface. The solution was dialyzed overnight against the 


same buffer and stored in small amounts (0.05-0.1 ml) 
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Preparation of peptide chain elongation factors EF, and EF 


a 2 
The elongation factors EF) and EF, were prepared 

from the crude elongation factor preparation by the method 

of Shafritz and Anderson (1970) with a few modifications. 

Three ml of crude elongation factor preparation (64 mg 

protein/ml) was dialyzed overnight against 20 mM Tris-HCl 

(pH 7.4) containing 1 mM Mg**t, 100 mM KCl, 1 mM DTE, 

0.1 mM EDTA, and 15% glycerol. This was placed ona 

1.5 x 80 cm Sephadex G-100 column equilibrated with the 

above buffer, and eluted with the same Baste The 


column fractions were assayed for elongation factor 


activity as described below. 


(1) Assay of EF, activity 

The binding of [2H] Phe-tRNA to run-off 80S or 
twice-washed ribosomes was assayed using the Millipore 
filter technique described by Nirenberg and Leder (1964) 
and as modified by McKeehan and Hardesty (1969). A 
reaction mixture of 100 pl contained the following com- 
ponents: 20 mM Tris-HCl (pH 7.4), 5 mM MgCl., 100 mM KCl, 
6 mM £-ME, 0.25 mM DTE, 1 mM GTP, 25 ug poly(U), 0.5 Aj,o 
unit of ribosomes, 3.0 pmoles of [2H] Phe-tRNA He e€olr B 
and 10 yl of each of the fractions being tested. The 
samples were incubated at 23° for 5 min and the reaction 
stopped by adding 3 ml of ice cold buffer containing 20 mM 
Tris-HCl (pH 7.4), 5 mM Mg2* and 100 mM KCl. The samples 


were filtered through 0.45 ym Microfil membranes and washed 
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three times with 3 ml portions of buffer. The membranes 
were dried and counted in a liquid scintillation spectro- 


photometer. 


(2) Assay of EF, activity 
The EF, activity of the various column fractions 
was assayed by measuring the extent of poly(U)-directed 
polymerization of [3H] Phe in the presence of added EF, 


factor. The full assay conditions are described below. 


Precharged tRNA Rey: acid incorporation system 

The polymerization of [°H] Phe or (+4c]phe from 
precharged tRNA was assayed in a 100 ul reaction mixture 
which contained the following: 20 mM Tris-HCl (pH 7.4), 
100 mM KCl, 6 mM 8-ME, 0.25 mM DTE, 1 mM ATP, 0.3 mM GTP, 
10 mM creatine phosphate, 5 ug creatine phosphokinase, 
25 ug poly(U), 50 ug crude elongation factors or 35 ug EF, 
0.2 A 


and 40 ug EF unit of run-off 80S ribosomes, 


2 260 
and the amount of (+4¢)Phe-tRNA or [3H] Phe-tRNA and 


MgCl, as indicated in the figure legends. The samples were 


2 
incubated at 37° for the times indicated in the legends 
and the reaction stopped by the addition of 1 ml of 10% 
trichloroacetic acid (TCA). Hot TCA-insoluble radio- 


activity was measured as described previously. 


betpsnthe(8)ycog Ro noise wis Ratan ya beyeses aay 
,74 bebbhe to shcassng any. te oftiA® | 89 noijesizaaylog 


woled bodinoseb os anoiethnes ysees Link sit -totps3 


a5 


mastage noltexzog10scr blob onima AMHS beoredoex9 , 


srusxiun noltoses ty O01 « ai Seysees esw AAAS Bepaadoerg 
i. Hq) LOH-aiw? Mm OS :preiwollot, ed? Bentstado doidw 
.TTD Mn £.0 (SPA da 1 <R7a Mn 2h .0 yah Mm ® \LOm Me GOL 
esr txodqaodq salsxeso oy @ ,sisdgeddg sitasexa Ma, OL 


mori eftlS 


72S ey cf zo “totest nokiapaole shurs py 02) \(U) glow pe es : 


eomoamdit 208 to-nbt- to thaw 9.48.0 «oA py OF Bas 

bas AURI~ONTEH | x0 AUR4eode[D"*) 30 Jncom edd, Boe 

atew reigmes sd? .absepsl esvp:? Slt ol Sateotbak as + 9PM 
abuepel sie at batsphbrut gem? edt xot “SE ds beteduone 

604 Io im t+ 20 moObdLbbs ert yd kecgode agidoses end Baw 


~akbes eldvloant-au? aol) \.(40%) Bivs viveonoxoldedm, 
ylevolvety baiddsxoeh 26 beuvenem @6W, yitvidoe 7 


= 


Preparation of liver ribosome wash 

Ribosome wash was prepared by a modification of 
the methods of Miller and Schweet (1968) and Prichard 
Ctrl al 97 Lie Tiere were homogenized as described in 
Chapter II for polysome preparation, except that the buffer 
used contained 25 mM KCl and homogenization was done in 
4.5 ml of buffer per gram of liver. The top two-thirds 
of the post-mitochondrial supernatant obtained by low 
speed centrifugation (12,000 x g (av) for 10 min) was 
Senter Guged) 1n.asaSpanco Type_60, Tigrotor: ate 2335000; x. g 
(av) for 90 min. The post-microsomal supernatant was 
discarded and the pellets washed several times with stand- 
ard sucrose buffer (0.25 M sucrose - 1 mM DTE - 0.1 mM 
EDTA, pH 7.0) and resuspended in the same buffer at 300 
A560 units/ml. The suspension was aged to 0.5 M KCl 
by the addition of 4 M KCl and stirred at 0° for 30 min. 
This 0.5 M KCl suspension was centrifuged in a Spinco 
Typer65 wotor.iat.175,000.x ge (av)) for,2 hours... The; upper 
two-thirds of the supernatant was dialyzed overnight 
against buffer A containing 20% glycerol and stored in 


small amounts in liquid nitrogen. 


DEAE-cellulose chromatography of ribosome wash 

The crude 0.5 M KCl ribosome wash was dialyzed for 
5 hours against buffer I (10 mM Tris-HCl (pH 7.4), 1 mM Mg~~ 
100 mM KCl, O.1 mM EDTA and 1 mM DTE) followed by a further 


2 hour dialysis against the same buffer containing 50 mM 


Ud 
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KCl (buffer II). The ribosome wash (10-15 ml, 9 mg 
protein/ml) was placed on a DEAE-cellulose column (1.5 

x 25 cm) previously equilibrated with buffer II. The 
column was eluted with buffer II and then with a 0.05 

M to 0.4 M KCl linear gradient (300 ml). Approximately 

3 ml fractions were collected at a flow rate of 30 ml/hour. 
Samples were taken for the measurement of absorbance at 
280 nm and for the determination of the KCl concentration 
by conductivity meter, The column effluent was divided 
into several fractions, concentrated 3- to 5-fold, dialyzed 
against buffer A containing 20% glycerol and stored 

frozen in small amounts in liquid nitrogen. The ability 
of each fraction or combination of fractions to stimulate 
Phe incorporation at 3.5 mM Mg?t was tested using the 


precharged tRNA system. 


C. Results 
1. "Nirenberg system" of cell-free amino acid incor- 
poration 
(a) Optimum concentration of incorporation com- 
ponents 
In the first cell-free incorporation system, the 
aminoacyl-tRNA synthetases and peptide chain elongation 
factors were supplied by a crude 105,000 x g (av) cell 
supernatant. These two enzymatic activities were separated 
by a pH 5.2 treatment and (NH,) SO, fractionation and 


assayed at 5 mM and 10 mM Mg?* (Fig. 11). The optimum 
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level of synthetase at 10 mM Mge” 


was 15 ug protein. 

Higher concentrations of synthetase resulted in a decline 
of incorporation. The crude elongation factors were 
required at 100 ug protein to saturate the system, although 
50 ug gave an incorporation level equivalent to 92% 

of the saturating level. In both cases, the incorporation 
at 10 mM Mg*t was 3- to 7-fold higher than at 5 mM Mg? . 
The synthesis of polyphenylalanine was found to be highest 


2+ 


at 9 mM Mg (Fig. 12A) and proceeded at a linearly 


up to 0.6 Ax6g unit of 80S ribosomes (Fig. 12B). 


(b) Amino Acid incorporation by the isolated 
ribosome subunits 
Table 4 shows the ability of the isolated 

subunits to incorporate (+4c] phe in the presence of poly(U). 
In experiment I the 40S subunits were isolated from the 
gradient in a single fraction while the 60S were collected 
in four fractions (Chapter II, Fig. 5). The 40S subunits 
were found to polymerize (t4c]Phe less than 1% of that. of 
the 80S control. This agrees with previous results 
(Chapter II) which indicated the 40S subunits to be essen- 
tially free of contamination. The 60S subunit fractions on 
the other hand, exhibited activity varying from 9.4% to 
17.4% of the 80S control. Recombination of the 40S and 
center 60S subunits in an A560 ratio of 171.5, produced 


80S ribosomes which were as active as the control (Table 


AP Expt, iL, Last: line). 
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AMINO -ACYL SYNTHETASE CRUDE ELONGATION 

FACTORS 
(4g protein) 
Figure 1l. (+4c)phe incorporation as a function of 


aminoacyl-tRNA synthetase and crude elongation factor 
concentration. The incorporation was carried out at 37 
for 30 min as described in Materials and Methods using 
0.5 Az6o run-off 80S ribosomes. Background count at 

0 time (700 cpm) was subtracted. 
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0 4 8 12 16 0 Oe 0.4 0.6 0.8 1.0 
Mg** (mM) 80S RIBOSOME (Ax60) 
Figure 12; (+4ciphe incorporation as a function of the 


Mg4t+ and run-off 80S ribosome concentration , The incor- 
poration was carried out at 379 for 30 min as described 

in Materials and Methods. For the Mg2+ concentration 
curve {(Ai),, 055 Aogo unit of run-off ribosomes, TOzig 
aminoacyl-tRNA synthetase and 50 ug crude elongation 
factors were used. Fig. 12B contained the same components 
except 25 ug aminoacyl-tRNA synthetase was used. Back- 
ground count at 0 time (700 cpm) was subtracted. 
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The 60S subunits from experiment I were further 
purified by recentrifugation through a convex sucrose 
gradient containing 5 mM Mg?*, Under these conditions, 
any 40S subunit present would be removed by coupling with 
a 60S subunit to form an 80S ribosome. 60S subunits thus 
purified showed an activity corresponding to less than 
2% of that of the run-off 80S ribosomes (Expt. II). The 
optimum Ax6o ratio of 40S/60S for the maximum activity was 
found to be about 1/2, and was usually equal to or better 
than the activity of the control run-off 80S ribosomes. 

As the ratio increased to 1/1 and 2/1, the incorporating 
activity decreased to 81% and 43% of the control, respec- 
tively. Figure 13 shows the relationship between (14c)phe 
incorporation and various Ax 60 ratios of 40S/60S subunits. 
The ratio giving the highest activity was found to be 1/2.5. 

The kinetics of Phe incorporation was examined 
for both the run-off 80S and 40S + 60S ribosomes in the 
presence and absence of poly(U) (Fig. 14). The results 
were similar with incorporation being linear for 30 min 
and strictly dependent on added poly(U). In the absence 
of poly(U), the 40S + 60S ribosomes had an endogenous 
activity one-half that of the 80S ribosomes. It appears 
therefore, that sedimentation of the subunits through the 


0.3 M KCl preparative sucrose gradient had the beneficial 


effect of reducing the endogenous activity. 
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Figure 13. Poly (U)-directed Phe incorporation by 


40S and 60S ribosome subunits recombined at various A 269 
ratios. The incorporation was carried out at 37° for 

30 min in the presence of 10 mM Mg2+ and 0.25 Azgéq 

40S + 60S ribosomes as described in Materials and Methods. 
Background counts at 0 time (450 cpm) were subtracted. 
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Figure 14. Time course of (+4c] phe incorporation by 
run-off 80S and 40S + 60S ribosomes. The ott was 
carried out at 37° in the presence of 10 mM Mg¢t and 

0.25 A260 ribosomes. At the indicated times, equal 
portions of the reaction mixture were removed and hot 
TCA-insoluble radioactivity determined. Ribosome subunits 
were present in a 40S/60S Ag6éo9 ratio of 1/2.5. Back- 
ground counts were not subtracted. 


eo—e , run-off 80S ribosomes 


Oo—o, 40S + 60S ribosomes 
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Under the optimum conditions of incorporation 
(Fig. 14) 185 pmoles of the Phe were incorporated per A566 
of 40S + 60S ribosomes. Using a molecular weight of 5.0 
x ye daltons for the 80S ribosomes (Kuff, Zeigel, 1960; 
Tashiro, Yphantis, 1965), the number of amino acids 
polymerized per ribosome can be calculated according to 


the following equation. 


pmoles Phe incorporated 


Phe polymerized by 80S 
pmoles 80S ribosomes 


total cpm incorporated 
cpm/pmole Phe 
weight 80S 
Mw 80S 


Each 40S + 60S couple was found to polymerize on average 
9 Phe residues. But it is unlikely that all of the 
ribosomes present were active in protein synthesis. The 
number of active ribosomes in an incorporation system 

can be estimated from the percent that dissociate ina 
sucrose density-gradient containing 0.3 M KCl. Those 
ribosomes that are stable in 0.3 M KCl are engaged in 
polyphenylalanine synthesis (Lawford, 1969; Falvey, 
Staehelin , 1970). Approximately 60% of our reassociated 
subunits analyzed after Phe incorporation were found to be 
active by this criterion. Therefore, each active 40S 

+ 60S couple incorporated 10-15 Phe residues into hot 


TCA-insoluble polypeptides. 
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2. "Charged tRNA system" for amino acid incorporation 
(a) Phe incorporation using a crude preparation 
of elongation factors 
(1) Incorporation using mouse liver tRNA 
A precharged tRNA incorporation system was 
developed to assay activities of peptide chain elongation 
and protein initiation factors. A completely homologous 
mouse liver system was used in the early part of the study 
Since there is evidence both for and against species- 
specificity of initiation factors (Heywood 1970; Prichard 
eS Giuw, 1971; Metafora’ ct ai., 1972; Wigle, Smith, 1973). 
Mouse liver (+4c]Phe-tRNA supported Phe incorpor- 
ation linearly up to a concentration of 2 Arco units of 
charged tRNA (Fig. 15). Of the [+4c]Phe-tRNA added, 46% 
was incorporated into hot TCA-insoluble peptides when the 
incubation was performed at 37°C for 30 min. Higher levels 
of efficiency (60-70%) were later observed when lower amounts 
of acylated tRNA was used. This suggests that some other 
component of the reaction mixture was rate-limiting. 
Examination of the kinetics of incorporation 
showed (+4¢] Phe to be incorporated at a linear rate for 
the first 10 min reaching a plateau at 20 min (Fig. 16). 
In the absence of poly(U), virtually no incorporation 
took place. Several investigators described similar systems 


from other mammalian cells which show linear incorporation 


for ss to 5 min. 
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Ka PHE INCORPORATED (cpm 10-3) 
> 


0 
0 l 2 3 4 
14 _ 
[4c] PHE- tRNA ADDED (A609) 
Figure 15. Phe polymerization as a function of mouse 


liver [14c]Phe-tRNA concentration. The incorporation, 
in a volume of 200 ul, was performed at 37° for 30 min 
and contained 0.25 A260 run-off 80S ribosomes, 40 ug 
poly(U), 50 ug crude elongation factors, 10 mM Mg2+ and 
other components as described in Materials and Methods. 
Background counts at 0 time (150 cpm) were subtracted. 
([14c]Phe-tRNA contained 6000 cpm/A x69 tRNA. 
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Figure 16. Time course of incorporation using mouse 
liver [{*+*C]Phe-tRNA as substrate in the presence and 
absence of poly(U). Conditions of incorporation were the 


same as Fig. 15. At the indicated times, equal portions 
of the reaction mixture were removed and hot TCA-insoluble 
radioactivity determined. 
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(ii) Comparison of Phe incorporation using 
mouse liver and £. coli tRNA 

One disadvantage of using mouse liver charged 
tRNA was the high rate of spontaneous deacylation that 
occurred upon storage. Within 3-4 weeks approximately 
50% of the charged tRNA was deacylated as determined by 
cold TCA precipitation. F. colt charged tRNA was found 
to be more stable in storage (Marcker, Sanger, 1964), 
and with its ease of availability offered definite 
advantages. EF. colt Phe-tRNA has been shown to serve 
as substrate in a rabbit reticulocyte cell-free system 
(Shafritz et al., 1970) and was also found to be capable 
of supporting polyphenylalanine synthesis in the present 
cell-free system. Kinetic analysis revealed that liver 
tRNA supported a faster rate of incorporation than £. colt 
tRNA (Fig. 17). The higher level of incorporation attained 
by Z. colzt tRNA at 15 min was due to the presence of a 


slightly larger amount of [+4c] Phe-tRNA substrate. 


(iii) Stimulation of F. colt Phe-tRNA 
incorporation by mouse liver ribosome 
wash 

Figure 18 shows the stimulation of poly (U)-directed 
Phe incorporation by the addition of various amounts of 
liver 0.5 M KCl ribosome wash. The optimal concentration 
of ribosome wash was 65 yg protein which resulted ina 


3.5-fold increase of incorporation over the control 
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Elgure .17,. Comparison of the kinetics of Phe polymer- 


ization with mouse liver and F. coli [14c]Phe-tRNA as 
Substrate. The incorporation was carried out at 37° 

in the presence of 7.5 mM Mg2t+t. At the indicated times 
100 ul was removed which contained 0.2 A269 run-off 

80S ribosomes, 25 ug poly(U), 50 ug crude elongation 
factors, 2800 cpm mouse liver [14c] Phe-tRNA or 3200 cpm 
BE. colt [14C]Phe-tRNA, and other components as described 
in Materials and Methods. Background counts were not 
subtracted. 


Oo—o , mouse liver (+4c] phe-tRNA 


cae Po eT. [- Chene enna 


eg os 


ef of 


(nim) “SMIT 


Bed as pe Soh ae GC piakly 


red +e Saat boit1sd 2ew wokisxeqyosai sf .stextedue. 


tenia eds to noeiiegmad -VL emp 


J] s%a0 .% bas zevil savom Attw noksest 


zemis. wash get hes .*SoM Mm @,° 20 onnezenq add ak 
736 gc S £20. at L67009 ot dee evomex usw ly 001 


v(t) yo. pu ‘ odix 208. 
Savon mqo OO8S ,e2o0d982. 

ng Aa—-otGtDel] ties ck 
abe | pe eed 


‘Aitstg-sda1o"*) Tevil sauom ,o— 


f 


(no ribosome wash present). When [7H] Phe incorporation was 


measured as a function of Mg?* concentration, a "Mg?t 


shift" from 7.5 to 3.5 mM Mg** 


was observed on the addition 
of ribosome wash (Fig. 19). A time course was also 
performed at low and high Mg?* in the presence and absence 
of ribosome wash (Fig. 20). The results again showed 


a stimulation of incorporation by ribosome wash at low epee 


concentration, 


(b) A more refined incorporation system using 
partially purified elongation factors, 


EF, and EF 


1 2 


(i) Isolation of EF, and EF 


1 Zz 

Results described above showed that the precharged 
tRNA incorporation system was capable of detecting initia- 
tion factor activity in the ribosome wash. In order to 
further characterize the requirements for polypeptide 
chain initiation and elongation, the elongation factors 
EF, and EF, were partially purified. Briefly the method 
involved a pH 5.2 treatment of the post-ribosomal superna- 
tant, treatment of the soluble fraction with protamine 
sulfate to remove tRNA, and (NH, ) 550, fractionation and 
finally resolution of the activities by gel filtration. 

Figure 21 shows the separation of EF) and EF, 
by Sephadex G-100 chromatography. EF) was found to elute 


shortly after the void volume. This suggests the molecular 


weight of EF, to be less than 150,000 daltons. Addition 
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Figure 18- (3H]Phe incorporation as a function of 0.5 

M KCl ribosome wash concentration. Incubations, ina 
total volume of 100 ul, were performed at 37° for 10 min 
and contained 0.2 Ajggop run-off 80S ribosomes, 50 Ug crude 
elongation factors, 6000 cpm £. colt [3H] Phe-tRNA, 3.5 

mM Mg2+ and other components as described in Materials and 
Methods. Background counts at 0 time (200 cpm) were 
subtracted. 
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Figure 19. Polymerization of [3H] Phe at various Mg 
concentrations with and without ribosome wash. The 
incorporation was carried out in a volume of 100 ul at 37° 
for 10 min and contained 0.2 Ag6o9 run-off ribosomes, 50 ug 
crude elongation factors, 90 ug ribosomes wash, 6000 cpm 
E. coli [3H]Phe-tRNA, 3.5 mM Mg2+ and other components as 
described in Materials and Methods. Background counts at 
0 time (200 cpm) was subtracted. 
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Figure 20. Kinetics of [7H] Phe incorporation at 3.5 

mM and 7.5 mM Mg2+ in the presence and absence of ribosome 
wash. Incubation was carried out at 37°. From each 
reaction mixture, 100 ul was removed at the indicated 
times, which contained 50 ug crude elongation factors, 

90 ug ribosome wash and 6000 cpm £. coli [3H]Phe-tRNA and 
other components as described in Materials and Methods. 
Background counts were not subtracted. 
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Figure 21. Isolation of peptide chain elongation factors 


by Sephadex G-100 gel filtration. Crude elongation factors 
(3 ml of 64 mg/ml)were placed on a 1.5 x 80 cm Sephadex 
G-100 column, previously equilibrated with 20 mM Tris-HCl 
(pH 7.4), 1 mM Mg2t+, 100 mM KCl, 1 mM DTE, 0.1 mM EDTA, 
15% glycerol and fractionated as described in Materials 
and Methods. EF, activity was measured by the binding of 
[3H] Phe-tRNA to twice washed ribosomes at 23° for 5 min 
in the presence of 5 mM Mg2+, The EF activity of the 
column fractions was assayed by measuring the extent of 
poly (U)-directed Phe polymerization in the presence of 
added EF, factor. EF, activity was corrected for non- 
enzymatic binding [3H] Phe-tRNA to ribosomes (50 cpm) and 
EF5 activity corrected for background counts at 0 time 
(260 cpm). 
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of EF, increased the binding of [3H] Phe-tRNA to poly (U) 
programmed ribosomes 12-fold over the amount nonenzymati- 
cally bound. Two smaller peaks of aminoacyl-tRNA binding 
activity were observed after the major peak. Evidence for 
multiple forms of EF, has been observed with other mamma- 
lian sources (Schneir, Moldave, 1968; Collins et al., 1972). 


The activity of EF, was monitored by measuring the 


2 
EF, ~dependent polymerization of [2H] Phe in the cell-free 
system. The bulk of the activity was eluted in fractions 
21-24 just prior to the hemoglobin peak (Fig. 21). Sever- 
al other smaller peaks that stimulated Phe polymerization 
in the presence of EF) were observed, although the exact 
nature of these is unknown. Collins et al. (1972) also 
observed the elution of rat liver EF , before the hemo- 


globin peak on a Sepharose 6B column. The molecular 


weight of rat liver EF, has been reported to be 96,500 


2 
daltons +9000 (Raeburn et al., 1971). 
In the following experiments, the EF, and EF, 


fractions were selected on the basis of minimum cross- 


contamination. 


(ii) Requirements for Phe incorporation at 
7.5 mM Mg@* using «if. .co lL [2H] Phe-tRNA 
as substrate 


Incorporation of Phe at various concentrations 


of EF, or EF. in the presence of saturating amount of the 


li 2 
other was studied (Fig. 22). The results show that the 
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amount of elongation factors required to saturate the 

system was approximately 40 ug protein of each fraction, and 
in their presence 80-90 pmoles [2H] Phe were incorporated 

per mg enzyme per A609 unit of run-off 80S ribosome. Table 
5 further defines the requirements for Phe incorporation 

at 7.5 mM Mg7". Ribosomes, EF, , EF 5, GTP and poly(U) were 
essential. The addition of creatine phosphate plus creatine 
phosphokinase increased the level of incorporation by 30%. 


Possible mechanisms for this increase will be discussed 


later. 


(iii) Effect of ribosome wash on Phe incor- 
poration at 3.5 mM Mg** 
The crude 0.5 M KCl ribosome wash stimulated Phe 
incorporation approximately 9-fold at low Maa concentration 
(Table 6). Requirements for this reaction at 3.5 mM Mg2* 
are outlined in Table 7. This incorporation was highly 
dependent on the presence of ribosomes, poly(U), and 
an energy source. As was observed earlier, the energy- 
generating system also contributed to the level of incor- 
poration. Creatine phosphate and creatine phosphokinase 
are used to regenerate ATP from ADP which is required for 
acylation of tRNA. Since the present system relies on 
precharged tRNA, creatine phosphate aed creatine phospho- 
kinase should have little effect on [2H] Phe incorporation. 


However, since the ribosome wash contains aminoacyl-tRNA 


synthetase activity the energy-generating system may be 
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Figure 22. [2H] Phe polymerization as a function of EF, 
and EF>5 concentration. The incorporation was carried out 
at 37° for 10 min in a volume of 100 ul which contained 
6000 cpm £. coli [3H]Phe-tRNA, 7.5 mM Mg2+ and other 
components as described in Materials and Methods. Back- 
ground counts were not subtracted. 
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Table 5. Requirements for [3H] Phe incorporation at 7.5 
mM Mg2+ using #. colt charged tRNA as substrate 


[7H] Phe incorporated/A, ¢1 ribosome 

Reaction mixture pmoles % control 
Complete B49 100.0 
-ATP, GTP 0.6 6.7 
-GTP 0.9 L0e3 
-Creatine phosphate 

creatine phosphokinase 6g 6749 
-poly (U) ee . 14.0 
-ribosomes Oe 0.9 
-EF 0.4 4.7 
-EF. Oe, 5.4 
~EF) and EF, 0.1 ee 


Incorporation, in a total volume of 100 ul was carried out 
at. 37> for 10 min, «in the presence of.35. ug EF), 40 ug EF 4, 
3.5 pmoles £. colt [3H] Phe-tRNA (equivalent to°17.5 
pmoles/A269 ribosomes), and other components as described 
in Materials and Methods. Background at 0 time (0.25 
pmoles) was subtracted. 


Table 6. Stimulation of Phe incorporation by various 
amounts of 0.5 M KCl ribosome wash. 


[7H] Phe incorporated/A.¢4 ribosome 
Ribosome wash 


(ug protein) pmoles fold-stimulation 

0 MWe) EO) 

18 eS) 2 9 
36 Lia 620 

54 152.0 769 
90 Gna 8.5 
108 16.9 (eds) 
126 Té.5 Gis7 


Incorporation in a total volume of 100 ul was carried out 
ate? ? tor LO min, in the presence of 35 jig EFy, 40 1G Ero, 
3.5 pmoles &. colt [3H] Phe-tRNA equivalent to 17.5 
pmoles/A 60 ribosome), 3.5 mM Mg** and other components as 
described in Materials and Methods. Background at 0 time 
(0.25 pmoles) was subtracted. 
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Table 7. Requirements for the stimulation of [°H] Phe 
incorporation by two concentrations of 0.5 M KCl 
ribosome wash. 


[7H] Phe incorporated (pmoles)/A 


260 ribosome 

-ribosome -+-ribosome +r ibosome 

wash wash wash 
Reaction mixture (30 ug) (90 ug) 
complete tae) 5.6 P22 
-ATP,GTP 0.4 023 nae 
-GTP 0.6 16 1 aS: 
-creatine phosphate 
creatine phosphokinase 2.0 3°78 9.6 
-poly (U) 0.5 ORL 0.6 
-ribosomes 0.0 0.0 0.0 
-EF, 0.9 4.1 Sia? 
-EF., OL7 320 Po 512 
-EF) and EF. 0.0 3~¢0 Pe ate 


Incorporation was carried out as described for Table 6. 
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utilized to recharge deacylated tRNA thereby increasing 
polymerization of Phe. Examination of the cold TCA- 
insoluble radioactivity (i.e. at 0° which includes counts 
in both Hepely peptides and [3H] Phe-t RNA) after incubation 
revealed no increase in total counts. Therefore, there 
was no charging of tRNA with free [3H] Phe ruling out the 
above possibility. 

In regards to the requirements for energy no 
incorporation occurred in the absence of ATP and GTP 
(Table 7). However, in the absence of GTP variable amounts 
did occur. Dependence on GTP was much more pronounced at 
30 ug of ribosome wash than at 90 ug, suggesting that the 
ribosome wash contained GTP. 

The dependence of incorporation on added EF, 
and aes was also abolished in the presence of 90 ug 
ribosome wash suggesting that the ribosome wash contained 
these factors. Elongation factors were shown to be 
present in ribosome wash from reticulocytes and Krebs 
ascites II cells (Shafritz et al., 1970; Gilbert and 
Anderson, 1970; Metafora et al., 1972). 

The relationship between the amount of ribosome 
wash and the requirement for elongation factors was 
further investigated by two experiments. In the first, 
varying amounts of ribosome wash was added to two sets 
of reaction mixtures one of which contained added EF, 


and EF the other did not (Fig. 23). At a wash concen- 


ae 
tration of 47 ug protein, Phe incorporation was no longer 
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Figure 23. Incorporation of [7H] Phe as a function of 


ribosome wash concentration in the presence and absence 

Of EF, and EF5. , The*incorporation was carried out at 37° 
fox ib min in a volume of 100 ul which contained 11,200 cpm 
EB. colt [3H]Phe-tRNA (2.8 pmoles), 3.5 mM Mg2+ and in the 
appropriate samples, 35 ug EF; and 40 ug EF9. Background 
counts of 200 cpm were subtracted. 
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82 
dependent on added EF) and EF... This clearly shows that sat- 
urating levels of ribosome wash (i.e. 65 ug, Fig. 18 and 
Table 6 contains sufficient elongation factors to support 
incorporation. 

The second experiment involved selecting a 
fixed level of ribosome wash (0 ug or 30 ug), with varying 
amounts of elongation factors and observing the amount of 
Phe incorporated (Table 8). In the absence of ribosome 
wash with saturating amounts of elongation factors, the 
level of incorporation 1/3 that observed when only 30 ug 
ribosome wash was present (Table 8) and 1/8 when 45 ug was 
present (Fig. 23). This supports that conclusion that the 
ribosome wash contains an activity different from the 
elongation factors. 


EF, and EF, were able to support 8.9 pmoles 


di Z 
2+ 


of [7H] Phe incorporation at 7.5 mM Mg (Table 5), but 
at 3.5 mM Gaus ribosome wash was necessary to give an 


equivalent amount of incorporation (Table 8, line 5-7). 


(iv) Phe incorporation by various liver 
ribosome preparations and different 
Phe-tRNAS 
Using F£. coli Phe-tRNA as substrate four different 
preparations of mouse liver ribosomes were tested for 
their ability to support [7H] Phe incorporation at 3.5 mM Mg? 
(Table 9). Ribosome wash stimulated incorporation by all 


ribosomes, though not to the same extent. Run-off 80S 


and twice-washed ribosomes were similar in their response. 
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Table 8. [7H] Phe incorporation as a function of added 
elongation factors and ribosome wash. 


Elongation Factors [2H] Phe incorporated/ 

(ug protein) A ribosome 

260 

Ribosome wash EF) EF, pmoles ford 
(ug protein) stimulation 

0 18 a2 Ze = 

0 36 32 Baie - 

0 54 48 2.4 that) 

30 0 0 On5 AR | 

30 18 a2 8.8 sao 

30 36 32 8.9 ct) 

30 54 48 9.0 a hay/ 


Incorporation was carried out at 37° for 10 min in the 
presence of 3.5 mM Mg2t, 2.8 pmoles £. coli [3H]Phe-tRNA 
(equivalent to 14.0 pmoles/Ajg¢69 ribosome), and other 
components as described in Materials and Methods. Back- 
ground at 0 time (0.25 pmole) was subtracted. 
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Table 9. [~H]Phe incorporation by various preparations of 
mouse liver ribosomes. 


[3H] Phe incorporated (pmoles)/A.¢/ ribosome 
-ribosome +ribosome fold 

Ribosomes wash wash stimulation 
Run-off 
ribosomes 2.0 6.4 Sele 
Twice-washed 
membrane-bound 
ribosomes 4.5 8.3 9 
Twice-washed , 
ribosomes 127 BEG S533 
40S + 60S 
subunits PAR | i, 1-9 


Incorporation was carried out at 37° for 10 min, in the 
presence of 35 ug EF], 40 ug EF5, 30 ug ribosome wash, 

0.2 Angg ribosomes, and 2.8 pmoles £. colt [3H] Phe-tRNA 
and See components as described in Materials and Methods. 
Ribosome subunits were present in a 40S/60S Aygo ratio of 
1/2.5. Background at 0 time (0.25 pmole) was subtracted. 


84 


E rs a 
noite Lonigze 


Ary 2 
ef 
EVE 
a + 20h 
e,i Loe 7S esinudue 


ond mt -yntn OL: x02 "Ne 4s duo heltiss eew ye Ss 


Mesw a, x pu OF ,<3H oi OF (eat by C€ Qo enneet ¢ 
t$-olatt co Heptend 65 5) aanceadéa 4 S.0 “ 
-ebortom | sngsh Bs -e=renoqapD Sih. Jot 
Ro ofts | 7 tréaetg Siow aticudwe emosedi: 


0) omf+ 0 de facoxptose «i -S\E ; 


enw. (arouy 28 


-hasoa1t 


85 


Surprisingly the 40S + 60S ribosomes had a higher back- 

ground activity (in the absence of ribosome wash) than 

run-off 80S and consequently did not respond as well. 
Substrate specificity was examined in an experi- 

ment in which tRNAs from different sources were tested. 

E. colt, yeast and mouse liver tRNA were charged with 

[7H] Phe as described in the Materials and Methods. In 

the absence of ribosome wash, liver and yeast tRNA showed 

an optimum Mg? concentration for polypeptide synthesis 

of 8.5 mM while &. coli tRNA was at 6.5 mM Mg*' (Fig. 24). 
Addition of liver ribosome wash resulted in 


decreases in the optimum Mg2* concentration to 6.5 mM Maes 


for liver and yeast tRNA and to 5.5 mM Ngo” £Or fa colz 
tRNA. With all three types of tRNA the maximum stimulation 


by ribosome wash was obtained at 3.5 mM Mg?" 


(c) DEAE-cellulose chromatography of mouse liver 
ribosome wash 
Crude 0.5 M KCl ribosome wash was fractionated on 

a DEAE-cellulose column (1.0 x 25 cm) prepared as described 
in Materials and Methods. Routinely, 100-150 mg protein 
was placed on the column and eluted with 10 mM Tris-HCl 
(pH 7.4) buffer containing 1 mM ee 50 mM KCl, 0.1 mM EDTA, 
and 1 mM DTE. When the effluent Argo approached the back- 
ground level, a linear gradient of 0.05 M to 0.4 M KCl 


in the above buffer was started. As shown in Figure 25, 


the column effluent was divided into nine fractions and 
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MOUSE LIVER tRNA 


YEAST tRNA 


H] PHE INCORPORATED (cpmx10°} 


3 


== E.coli tRNA 
Mg?" (mM) 
; ; , 3 2+ 
Figure 24. Polymerization of [ -H]Phe at various Mg 


concentrations with and without ribosome wash using charged 
tRNA from £ colt, yeast and mouse liver. The incorpora- 

tion was performed at 37° for 10 min in the presence of 

35 lig EF], 40 ug EF2, 90 wig liver ribosome wash and other 
components as described in the Materials and Methods. Amino- 
acylated tRNA was_ present in the following amounts; 16,900 
cpm mouse liver [3H] Phe-tRNA, , 16,000 cpm yeast (3H]Phe- 

tRNA and 14,000 cpm #. coli [~H]Phe-tRNA. 

e—e, with ribosome wash; 0o—o, without ribosome wash. 
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and assayed singly or in combination for the ability 
to support Phe incorporation at 3.5 mM Moa The results 
of a typical experiment are shown in Table 10. The three 
most active fractions were: fraction I eluted with 0.05 
M KCl; fraction VI eluted between 0.18-0.25 M KCl; and 
fraction VIII eluted between 0.31-0.38 M KCl. Highest 
stimulation of incorporation was usually obtained when 
all three fractions were present, although in a few 
experiments fraction I plus VIII, and VI plus VIII also 
gave high values. The maximum stimulation was about 50% 
of that obtained with crude wash. 

The 0.05 M KCl pass-through fraction appeared 
to be similar to IF-M, obtained from rabbit reticulocyte 
“(Shafritz, Anderson, 1970; Woodley et al., 1972} and rabbit 
liver (Picciano et al., 1972) ribosome wash. The two 
remaining fractions, VI and VIII were initially thought to 
correspond to the reticulocyte factors IF-M, (eluted at 


0.17 M KCl) and IF-M, (eluted at 0.26-0.32 M KCl) respec- 


2 
tively, as described by Anderson and his coworkers. But 
in the reticulocyte system only IF-M, and IF-M., were re- 
quired for poly(U) translation at low eee concentration. 
In our system, highest stimulation frequently occurred 
when all three fractions were added. 

More recent results using fractionated rabbit 
liver ribosome wash, revealed IF-M, to have a much broader 
peak (0.2-0.4 M KCl, Picciano et al., 1972) than the 


corresponding reticulocyte factor (0.26-0.32 M KCl). A 
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Figure 25. DEAE-cellulose chromatography of 0.5 M KCl 


ribosome wash. Ribosome wash (10-15 ml, 9 mg protein/m1) 
was placed on a 1.5 x 25 cm DEAE-cellulose column pre- 
viously equilibrated with 10 mM Tris-HCl (pH 7.4), 1 mM 
Mg2+, 50 mM KCl, 0.1 mM EDTA, 1 mM DTE and fractionated 
as described in Materials and Methods. Absorbance at 
280 nm was determined using a portion of each fraction. 
Linearity of the KCl gradient was verified by measuring 


conductivity. 
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Table 10. Stimulation of [7H] Phe incorporation by partially 
purified ribosome wash factors. 


[7H] Phe incorporated/A,>5 ribosome 
Fractions pmoles ~background % control 
~ Crude ribosome wash 2.0 = a 
+ Crude ribosome wash So Gag 100.0 
I (30 wg) 2.0 0.0 Ome 
Vinee 5) ic) 2 eee Oz Fae) 
Wil dite (511g) 2.6 0.6 Sa/ 
Dee VL 200 0.8 6 
hoe VILL SY ey 2a) 
Vis> VIII ever 19 2750 
tebe te VL ie 32 46.4 


Incorporation, in a volume of 100 ul was carried out at Bi. 
for 10 min in the presence of 35 wl EF,, 40 ug EF9, 90 ug 
crude ribosome wash, 0.1 Ajg¢69 run-off bos ribosomes, 

2.5 pmoles £. coli [3H]Phe-tRNA, 4 mM Mg“t and other compo- 
nents as described in Materials and Methods. Background 
at 0 time (0.37 pmole) was subtracted. 
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possible explanation of our data is that fraction VI 
in fact contains a considerable amount of IF-M, factor. 
The reason for the high stimulatory activity of VI and 


VIII combined is not clear at present. 


D. Discussion 

It was shown in the preceding Chapter that the 
ribosome subunits of mouse liver as prepared were physically 
intact. In the present study they were found to incorporate 
Phe as actively as run-off 80S ribosomes and were most 


active at a 40S/60S A ratiolo£ th/ 2.5 peaincorpordting 


260 
10-15 Phe residues per 80S ribosome. These subunits also 
showed little endogenous activity. 

Stability of the mRNA-peptidyl-ribosome complex 
seems to vary depending on the type of tissue from which 
it was isolated. For example, polysomes from mouse 
plasmacytoma tumor cells dissociated into subunits readily 
at 1 mM Mg** and 100 mM KCl (Mechler, Mach, 1971). The 
subunits thus obtained were highly active, supporting the 
incorporation of 10-25 Phe residues per ribosome. To 
obtain this activity however, an A560 ratio of 40S/60S 
of 1/1 was shown to be required which suggests that 60% 
of the 40S subunits were inactive. Others have also 
observed the smaller mammalian ribosome subunit to be less 


stable than the larger (Tashiro, Siekevitz, 1965; Hamilton, 
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The activity of mammalian ribosome subunits 
prepared by several groups is shown in Table 1l. The 
number of phenylalanine residues incorporated per ribo- 
some is also indicated, although some caution must be 
exercised in directly comparing these figures. Differences 
in reaction conditions, such as temperature, length of in- 
cubation and whether the concentration of various components 
was optimized, will result in variations of incorporation. 
With this in mind these numbers can be used as a general 
indicator of the activity of the ribosome subunits produced 
by various methods. In most of the preparations the 60S 
subunit fraction alone was capable of considerable Phe in- 
corporation due to contamination with 40S or 60S particles. 

The mouse liver cell-free incorporating system 
using run-off 80S ribosomes and precharged tRNA was found 
to be well-suited for the study of protein synthesis. The 
system was dependent on added poly(U), ribosomes, GTP, 
elongation factors (Table 5) and had a low background 
activity. Both liver and £. colt (14¢) phe-tRNA served as 
substrate in poly(U)-directed Phe incorporation. Shafritz 
and Anderson (1970) have observed Phe-tRNA from £. colt 
and rabbit reticulocytes to function as substrate for poly- 
phenylalanine synthesis in a rabbit reticulocyte cell-free 
system. Efficiency of utilization of our tRNA substrate 
was equivalent to that reported for rat liver (Moldave, 
1968), mouse brain (Gilbert, Johnson, 1972) and rabbit 


reticulocyte (Shafritz et al., 1970) cell-free systems. 
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Table 11. Poly(U)-directed (14clphe incorporation by various 
mammalian ribosome subunits 


[14c]Phe incorporated Optimum Phe residues 
(3 of 80S control) 40S/60S incorporated 
: —_ A460 ratio per ribosome 
Source of ribosomes 40S 60S 40S + 60S 


Rat muscle® 3.6 Pe alela Wee 2-7 

Rat liver? 9.00) 92500105 2, <1 

Rat liver® 20 g=24 "50 s80 {72 142 

Rat & mouse liver? Pa) 5210 70 ny/ 2 15-20 
Mouse liver© 1.0 2.0 108 12.5 10-15 
Mouse plasmaz La a 100 iA 15-25 
cytoma tumor 

Rabbit 1.0 4.0 100 L225: 2-6 

reticulocytes? 


Ribosome subunits prepared by: a) Martin et al., (1969), b) Lawford, 
(1969), c) Petermann, Pavlovec, (1971), da) Falvey, Staehelin, (1970), 
e) Faber, (this thesis), £) Mechler, Mach, (1971), g) Busiello et al., 
(1971). “Optimum 40S/60S A269 ratio was not determined; subunits 

were mixed for incorporation studies at the ratio as indicated. tf Value 
was not given; Mechler and Mach just indicated that the 60S subunits 

had considerable incorporating activity. 
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Sephadex G-100 fractionation of the crude elon- 
gation factors produced two main peaks of activity. EF) 
eluted after the void volume and EF, before the hemoglobin 
band. Both fractions were required for Phe incorporation 
into hot TCA-insoluble polypeptides. After the main EF, 
peak, one or two smaller peaks of aminoacyl-tRNA binding 
activity were observed which varied in size and distribution 
from one preparation to another. A possible explanation for 
this could be that these are aggregates of EF, as has been 
reported by Collins et al. (1972) for rat liver EF} - 
Alternatively, the minor peaks of binding activity could 
represent IF-M, present in the crude elongation factor 
preparation. Shafritz and Anderson (1970) have shown 
that rabbit reticulocyte IF-M, promoted the binding of both 
N-acetyl-Phe-tRNA and Phe-tRNA to washed reticulocyte 
ribosomes. They also observed EF, to elute before IF-M, 
on a Sephadex G-150 column. Picciano et al. (1973) 
determined the molecular weight of reticulocyte IF-M, tO 
be 96,000 daltons, which would place it on our Sephadex 
G-100 profile (Fig. 21) approximately between the hemo- 
globin band and the major EF, peak. 

Further caution must be exercised in interpreting 
[14c]Phe-tRNA binding data. McKeehan et al. (1970) 
observed a factor in reticulocyte 0.5 M KCl ribosome wash 


which could bind N-Ac-Phe-tRNA to itself or to washed 


ribosomes. This binding was independent of poly (U) 
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and GTP, with the complex being retained on a nitrocellu- 
lose filter. The binding activity remained coincident 
with the Phe activating enzyme throughout several purifi- 
cation steps. These results suggest that Phe-tRNA synthe- 
tase present in the ribosome wash promoted the binding of 
[+4c] Phe-tRNA. The crude elongation factor preparation 
that we used contained some aminoacyl-tRNA synthetase activ- 
ity, however, assay of our Sephadex G-100 fractions 

showed that activity to acylate liver tRNA with [+4c]phe 
was in the void volume and not coincident with our EF, 
peak. This provides further evidence that the factor 
separated by Sephadex G-100 filtration was, in fact, the 
aminoacyl-tRNA binding protein. 

The reason for the increase in incorporation 
activity by the addition of the ATP-generating system 
(creatine phosphate, creatine phosphokinase) is not clear. 
Shafritz and Anderson (1970) also reported a 30% increase 
in polyphenylalanine synthesis by the addition of pyruvate 
kinase and phosphoenolpyruvate (PK + PEP) to a reticulocyte 
cell-free system. Similarly Collins, Moon, and Maxwell 
(1972) reported 2- to 3-fold stimulation of Phe incorpora- 
tion by PK + PEP at 10 mM Mg**. They suggest that PK + PEP 
catalyzes phosphorylation of GDP (James, Morrison, 1966) 
and thus prevents the buildup of GDP which might inhibit 
protein synthesis by formation of an EF..-GDP-ribosome 


complex (Skogerson, Moldave, 1968). 


94 


Eames ue + ony si 
~oitsuye AURA ~aiiih jai a 
to poLbrdel atid basomoxg fesw, smog ods eit ai Iapze27g 
mofLtsx6qo7q xod98? noltepaola SBuxS ott AUS ~eAT (I) 
“ViSO6 eesiefitnye AWIi~tyosonims “snue benissnoo Beas ew tens 
anoidost? 00I-D xobsiye? ayo to ysees ,xevewod ,yst 

aig oP} fititw AUS revil saaiyos of ysivitos +sd2 beware 7 

ci mo ntiw sasbiontos ton has smetovy biov edz at esw 
sodone arts tet eomsbive tedsaurt eebivorg ain? -A89g , 


I 


sit ,gos1 al \2ew moiszexs ft? 001-9 xebsdgqee yc eg sk 
tisdoxq purinid sKa-1~Lyononins 

smottsitoazosnt oi saseaont sds sot nonsex sit 
madsve paLIsrensp-ats edt to noisibbs sds yd ysivisos 
.tselo fon 2i (sesnttotiqeortg saidssio ,sassiqvoig anits9%9) ; 
dacsioni FOE A botucasy oats (O0V@1) noerebad Sos edixisda Me 
ssavuryq to moigibbe edt yd eieodsnye entasislynedqylog st. 
‘S2ysoluoLjes 6 ot (Sa + HE) sdavaizyalonsoraaoda bap oesaldt 


iieawis bre \AgoM ,eniliod ylusiimia .misaye se1t-iileo 
~BtioqToudq, sid to’ moitsiumige bloi-t of -S beonxoqes csyesy 
Gag + AT tes Jeoppya yo . +S OM Mm Of ts 932 4+ 49 yd aoks - 
(@a@L ooets xo ,2qmpt) 02 2o mottelyrodaeorg eae 
ba oe Ftp itm tm St ce ont ednsvexq awd 


95 


Our results confirm those of others (Miller, 
Schweet, 1968; Shafritz et al., 1970; Grummt, 1970; 
Means et al., 1971; Picciano et al., 1973) that ribosomal 
wash contains protein factors capable of initiating 
polyphenylalanine synthesis at low Mg2* concentration. The 
amount of crude ribosome wash to saturate the charged 
tRNA system (65 ug) was approximately one-half that 
required by the Nirenberg system (150 ug). Thus the lower 
protein content of the charged tRNA system appears to 
increase the Banoi ivi ty, but the reason is not clear 
at present. 

The broad specificity of the initiation factors 


IF-M, and IF-M. was illustrated when liver ribosome wash 


ae shift" in the mouse liver system using 


produced a "Mg 
E. colt Phe-tRNA as substrate. In the original EF. colt 
poly (U)-dependent system, both N-acetyl-Phe-tRNA and Phe- 
tRNA were required in the presence of IF-1l1 and IF-2 to 
shift the Mg?* optimum (Lucas-Lenard, Lipmann, 1966). Lack 
of requirement for an N-blocked amino acid in our system 
can be explained by the fact that in eucaryotes the 
initiator tRNA, Met-tRNA,, is not formylated (Smith, 
Marcker, 1970). For the purpose of assay of these factors 
it is convenient that £. colt Phe-tRNA can function in the 


liver cell-free system, but the biological significance 


remains to be determined. 


<aY sactontheabas gees Js winsiidays ectustatyasdaytog § 
cepreiio wilt etemu36e/ cd WbaW amoodts sftiea Ro dnuams. 7 

datld Dfel-sio ylotamivpiggs as (oy 28) meteye AMS 

rswol Sdy wie —. (pir 08) metteya pradnsst4 one yd bexiupet 
ot exrssqqs motaye AMAd beprsto atid to tnedaco atesesg 


eels gon 2i noasst eft Jud ,ysivisianse sift eesetont . 
-tesnetg Ss) 
eicdos2 nolgsivint eis to ysioliicoegqe beouwd sav 7 | 


desw sinoeqdiz. sevil sedw begawtdrli: eew Mit bas Failed 
paler nevaye asvif{ eesuon sda ni “t2Sde Som" 5 beouboxg ; 
rion JA Lentprao esf3 nt .etexrstedge es AWA2-oerid $300 x. 
“9A bre AUst-silt-Lyyooa-u ttod ,meceye sasbasqeb<(U) ylog, 
or mat brs I~Gi 2o symoeeny afd nt bexyiapet eiow Au - 
Hoel =. (982L \amtemgit jbapned-esond) montzqgo “pm eda s3bds 
madeye WoO nk bios ontims boo fd-4 as xo? jnemeatupet to 
att segoyeseave al dsrid toc? sto ye benletqxe ed. neo 
xttime) “betniymzet ten ai  AMAY-joM \40HY yotatekgt 
exd¢os? ozolt to yess 2o weoqig sdd ioU . (OEE , todo © 
eta at aotsone’ aso alisictotit $300) 8 Jer Jnoknevnos @tFE 
somine timp be aeniane $id Jud \woteyn 634? Lios -SevER 


96 


The results so far presented suggest that the 
ribosome wash contains factors which initiate the trans- 
lation of poly(U). In the following Chapter evidence will 
be presented that the ribosome wash is required for trans- 


lation of exogenous liver mRNA. 
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CHAPTER IV 
ISOLATION OF MOUSE LIVER mRNA AND ITS TRANSLATION 
IN A HOMOLOGOUS CELL-FREE SYSTEM 
A. Introduction 

Liver tissue contains two types of polysomes in 
the cytoplasm which are involved in protein syntheis. 
Early attempts in vivo and subsequent work using isolated 
polysomes have provided evidence that free polysomes 
synthesize proteins for intracellular use (e.g. ferritin) 
while those attached to the endoplasmic reticulum syn- 
thesize extracellular proteins ((e.g. serum albumin), 
Siekevitz, Palade, 1960; Birbeck, Mercer, 1961; Peters, 
1962; Takagi, Ogata, 1968; Ganoza, Williams, 1969; Redman, 
1969). Extracellular proteins are believed to migrate 
from the rough endoplasmic reticulum to the smooth 
endoplasmic reticulum (Peters, 1962), possibly to the 
Golgi apparatus and eventually are excreted from the cell 
by a process of reverse pinocytosis. The synthesis of 
albumin amounts to about one-third of the total protein 
produced by liver hence considerable interest has been 
focused on the structure and function of albumin. Recently, 
this topic was reviewed by Peters (1970). 

An initial attempt for the cell-free synthesis 
of albumin under the direction of exogenous mRNA employed 
rat liver RNA extracted from albumin-synthesizing poly- 
somes which had been precipitated by anti-albumin serum 
(Uenoyama, Ono, 1972). It was found however that the 


albumin mRNA fraction thus obtained was partially degraded, 
hy 
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and was only capable of producing short polypeptide 

chains although they were still reactive with anti-albumin 
antibody. Evidence for the cell-free production of the 
complete albumin molecule has so far been lacking. 

Most mRNAs from mammalian cells contain a 
segment of polyadenylic acid (Kates, 1970; Lee et al., 
1971; Darnell et al., 1971; Edmonds et al., 1971; Mendecki 
et al., 1972) with the possible exception of histone mRNA 
(Adesnik, Darnell, 1972). These segments contain 150-200 
adenine residues which allow their selective binding to 
Millipore filters (Rosenfeld et al., 1972), as well as 
poly(U) (Sheldon et al., 1972) and oligo d(T) (Armstrong, 
et al., 1972) covalently linked to cellulose. Recently, 
cellulose was found capable of binding synthetic poly (A) 
atenigh=tonie Strength? Kitosnecyacs 61972) .eeschutz er al. 
(1972) made use of this observation for the isolation of 
intact globin and ovalbumin mRNA. 

The function of poly(A) in mRNA is not clear 
but since it is added post-transcriptionally (Darnell 
et al., 1971), it may be involved in the processing 
of mRNA. An exception was the finding by Adesnik 
and Darnell (1972) that histone mRNA did not contain 
a poly(A) segment. Lack of poly(A) may confer special 
properties on the mRNA and it has been noted that 
histone mRNA appears in polysomes earlier than poly (A)- 
containing mRNA (Schochetman, Perry, 1972) and seems to 


have a shorter lifetime than other mRNAs (Borun et al., 
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1967; Craig, et al., 1971). This suggests that poly (A) 
may be involved in controlling transport of mRNA from the 
nucleus to the cytoplasm or possibly alters the mRNA 
lifetime by changing its stability. 

Experiments described in this Chapter provide 
evidence for the synthesis of albumin directed by exogenous 
mouse liver mRNA in the homologous cell-free system. 
Messenger RNA extracted from total and membrane-bound 
polysomes by two different methods directed the syn- 
thesis of albumin. Further fractionation of RNA by 
cellulose chromatography and sucrose density-gradient 
centrifugation was examined. A cell-free amino acid 
incorporation system utilizing run-off 80S ribosomes was 
developed which was strictly dependent on mRNA and 
protein initiation factors. Analysis of the products by 
polyacrylamide gel electrophoresis and immunoprecipitation 
showed that newly-formed albumin could account for up 


to 8% of the total protein synthesized. 


B. Materials and Methods 

Sigmacell type 38 microcrystalline cellulose, 
cycloheximide and sodium dodecyl sulfate were purchased 
from Sigma Chemical Co.; phenol and Amido Black from J. T. 
Baker Chemical Co.; aurintricarboxylic acid, disodium 
ethylenediaminetetraacetate and ammonium persulfate from 


Fisher Scientific Co.; sodium deoxycholate and vitamin Bo 


from Matheson, Coleman and Bell; acrylamide, N, N'-methylene- 
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bisacrylamide and N, N, N', N'-tetramethylethylenediamine 
from Eastman Kodak Co.; Aquasol scintillation fluid from 
New England Nuclear; mouse serum, chicken serum, rabbit 
antiserum to chicken serum, and rabbit antiserum to mouse 
albumin from Nutritional Biochemicals Corporation; (t4cjLeu, 


342 mCi/mmole and 14 


C-protein hydrolysate 57 mCi/milli 
atom carbon from Amersham/Searle. 

All buffers and glassware used for the preparation 
of RNA were autoclaved before use. Plastic gloves were 


used in all critical handling procedures to prevent 


possible RNase contamination. 


Ribosomes 

Run-off 80S ribosomes required for amino acid 
incorporation were prepared as described in Chapter II. 
Some modifications were introduced in the preparation of 
membrane-bound and total polysomes. They included: 
doubling the volume of homogenizing buffer from 2.5 ml 
to 5.0 ml buffer/g liver, slower homogenization speed 
(approximately 400 rpm), and gentle handling of the post- 
mitochondrial supernatant by large-bore pipettes. Large 


polysomes were prepared in this way without bentonite. 


Extraction of polysomal RNA 
RNA was extracted with phenol by the method of 
Schutz. et ali; (1972) with: minor modifications. Total 


polysomes or membrane-bound polysomes were treated with 1% 
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DOC in the presence of post-ribosomal supernatant. The 
polysome pellets were resuspended in 20 mM Tris-HCl (pH 8.3), 
5 mM EDTA, 75 mM NaCl, 0.5% SDS and an equal volume of 
phenol (saturated with the same buffer) was added. The 
mixture was shaken for 10 min at room temperature and 
centrifuged at 10,000 x g (av) for 10 min. The aqueous 
layer was removed, and the phenol layer reextracted with 
buffer. The pooled aqueous phase was extracted twice more 
with phenol. The final aqueous layer was adjusted to 0.3 
M LiCl; 2.5 volumes of 95% ethanol was added and the 
sample stored overnight at 30-408 RNA precipitated was col- 
lected by centrifugation, dissolved in a minimal volume of 
20 mM Tris-HCl (pH 7.4) containing 20% glycerol and repre- 
Cipitated. The final precipitate was washed three times 
with ethanol and dissolved in Tris-glycerol buffer ata 
concentration of 100-200 Aygo/ml. 

Polysomal RNA was also extracted by an SDS-EDTA 
method (Rhoads et al., 1971). The polysome pellets 
were resuspended in SDS buffer (40 mM Tris-HCl (pH 8.3), 
5 mM EDTA, 20 mM sodium acetate, 1.0% SDS) and incubated 
at 37° for 5 min. Seventy-five Ax 60 units (4 ml) were 
layered on linear 10 to 30% sucrose gradients (30 ml 
in SDS buffer), and centrifuged in a Spinco SW 27 rotor 
at 22,000 rpm for 14 hrs at 238 Recording of the optical 
density profile and recovery of the gradient fractions 
was as Hes cbinea in Chapter II. Fractions corresponding 


to 15-20S RNA were pooled, 2.5 volumes of 95% ethanol was 
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added followed by NaCl to give a final concentration of 
0.1 M. RNA precipitated was washed with ethanol as 

described above, dissolved in Tris-glycerol buffer and 
stored in small amounts in liquid N.- 
Cellulose chromatography of polysomal RNA 


Polysomal RNA (100-600 A units) was diluted 


260 
10-fold with buffer containing 20 mM Tris-HCl (pH 7.4), 

0.2 mM Mg" a 500 mM KC1 and applied to a 1 x 6 cm cellulose 
column (1 g dry weight) previously equilibrated with the 
same buffer as described by Schutz et al., (1972). The 
column was washed with high salt buffer until the wash 

gave a reading less than 0.01 Ado! then eluted with 4 mM 
Tris-HCl (pH 7.4) collecting 1 ml fractions. Absorbance 

at 260 nm was measured and peak fractions were pooled and 
RNA recovered by ethanol precipitation. In some cases 

the pooled fraction was dialyzed briefly against 20 mM 
Tris-HCl (pH 7.4) 20% glycerol and stored in small 


amounts in liquid N,- 


Cell-free translation of mRNA 

Protein synthesis was measured in a cell-free 
amino acid incorporation system utilizing run-off 80S 
ribosomes. The reaction mixture for each assay contained 
in 100 wl: 0.1 umole ATP, 0.03 umole GTP, 1 umole creatine 
phosphate, 5 ug creatine phosphokinase , 12.5 ug mouse 


liver tRNA, 0.2 Ar 60 unit of mouse liver run-off 80S 
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ribosomes, 600 ug supernatant protein, 150 ug ribosome 
Wash DPEOLEIN; fU.25 ei ft eu and 5 mumoles of each of 
19 cold amino acids, 20 mM Tris-HCl (pH 7.8), 3.5 mM MgCl., 
65 mM KCl, 6 mM 8-ME and 0.5 mM DTE. The amount of RNA 
was 10 ug per assay for cellulose-column purified RNA, 

and 50 ug for 15-20S RNA. The reaction was carried out at 


aun 


for the times indicated in the figure legends. Hot 
TCA-insoluble radioactivity was determined as described 


aniChapter LLC. 


Analysis of cell-free products by polyacrylamide gel 
electrophoresis. 

When analysis of translational products was 
intended (t4cjLeu was substituted by 14._protein hydro- 
lysate (7.5 uCi/ml reaction mixture) containing 15 labeled 
L-amino acids. Cold methionine, tryptophan, asparagine, 
glutamine and cysteine were supplemented at 50 mumoles/ml. 
Reaction mixture components for incorporation were scaled 
up 10-fold and in some cases 50-fold. Samples were incu- 
bated at 30° for 60 min and centrifuged at 149,000 x g (av) 
for 90 min. The supernatant was removed and subjected to 
polyacrylamide gel electrophoresis as described under 
Materials and Methods in Chapter II. After electrophoresis 
was completed, the gels were stained with Amido Black 
(Cet by welgne in Jos acetic acid) , destained velectrophore— 
tically, scanned at Agso to locate the protein bands, and 


then sliced into 2 mm fractions. Each fraction was placed 
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in a counting vial and dissolved in 30% H,0, by incubating 
at 60° overnight. Ten ml of Aquasol scintillation fluid 
was added under reduced light and the samples were cooled 
for 4 hours at 4° to reduce chemiluminescence. Under these 


conditions a background count of 40 cpm was observed. 


Partial purification of albumin after cell-free trans- 
lation of liver mRNA 

Translation of mRNA was carried out in the 
cell-free system as described previously in a total volume 
of 5 ml at 30° for 60 min. The AS ASE was centrifuged at 
149,000 x g (av) for 90 min. The supernatant was adjusted 
to pH 4.8 and the precipitate removed by centrifugation at 


2,000 Xd), (av) tor LO min, ©) (No SO, was added to the 


4)2 
supernatant to 40% saturation at 0°. The resulting preci- 
pitate was collected as above, washed twice with 40% 


(NH in 0.02% potassium acetate (pH 4.8), and dis- 


NU iser. 
solved in 50 mM Tris-HCl] (pH 8.0), 6 mM 8-ME and dialyzed 
against the same buffer for 2 hr. The sample was then 
heated at 60° for 5 min. Aggregated protein was removed 

by centrifugation and the supernatant was concentrated, if 
necessary, by B15 Minicon Macrosolute Concentrator (Amicon 
Corp., Lexington, Mass.) and analyzed by gel electrophoresis. 


Albumin was purified 3- to 4-fold by this procedure as 


assayed by gel electrophoresis. 
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C. Results 
1. Isolation of mouse liver polysomal RNA 
(a) Distribution of RNA between free and membrane- 
bound polysomes 
It has been shown that vigorous homogenization 

conditions can increase the yield of endoplasmic reticulum 
by fractionating it into smaller fragments (Blobel, Potter, 
1967). Since it is important, in this study, to isolate 
intact polysomes mild homogenization was used at a possible 
expense of polysome yield. Table 12 shows the distribution 
of polysomes obtained under our conditions. The yield 
of total polysomes or free and membrane-bound polysomes 
was 35-40 Ar 69 units/g liver. Initially total polysomes 
were used as the source of RNA because of the ease of 
obtaining large polysomes in the range of 10-20 80S ribo- 
somes per aggregate. Ina later stage of the study membrane- 


bound polysomes prepared without detergent were also used. 


(b) Sucrose density-gradient fractionation of 
polysomal RNA 

Total polysomal RNA extracted with SDS-phenol was 
fractionated by sucrose density-gradient centrifugation. 
Figure 26 shows the sedimentation pattern of 50 A569 units 
of RNA analyzed on a 30 ml linear 10-30% sucrose gradient. 
Samples were taken from the various fractions and tested 
for their ability te direct (t4cjLeu incorporation in the 


cell-free system. The highest incorporating activity was 
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Table 12. Distribution of mouse liver RNA between free 
and membrane-bound polysomes. 


Polysomes Ax6o A.g9 A 60/4280 A560 units/g liver 
Free 0.29 0.17 370 F523 
Bound 0.42 Ue23 Po 20.5 
Total 0277.0 0.40 Les 38.0 


Free, membrane-bound, and total polysomes were prepared 

as described in the Methods. Membrane-bound polysomes were 
released from the membranes by DOC treatment and recovered 
by pelleting through 2 M sucrose buffer at 176,000 x g (av) 
for -5 hours. 
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found in the 18S RNA fraction. Since albumin mRNA has a 
presumptive sedimentation coefficient of 18S fractions 
sedimenting at 15-20S RNA were pooled and RNA was recovered 


by ethanol precipitation. 


(c) Cellulose column chromatography of SDS-phenol 
extracted RNA 

RNA was extracted from total polysomes with SDS- 
phenol and chromatographed on cellulose. Figure 27 shows 
the elution profile from the column. RNA retained by the 
column at high ionic strength and subsequently eluted 
with 4 mM Tris-HCl (pH 7.4) buffer represented about 23% 
of the applied material. Tris buffer was as effective as 
distilled water in the elution of RNA. Table 13 lists 
the results of several experiments in which 100 to 600 A569 
units of RNA from total and membrane-bound polysomes were 
chromatographed. Approximately 2-3% of total polysomal RNA 
was retained on cellulose at high ionic strength as com- 
pared to 5-7% of the membrane-bound polysomal RNA. 

Sucrose density-gradient analysis of the cellulose 
pass-through and cellulose-retained polysomal RNA is shown 
in Figure 28. Cellulose pass-through RNA produced a sedi- 
mentation profile typical of that of mammalian ribosomal 
RNA containing a 5S, 18S and 28S component. The cellulose- 
retained RNA, on the other hand, showed a major component 


sedimenting at 14-16S, and two minor peaks at 11S and 25S. 
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Figure 26. Fractionation of polysomal RNA by sucrose 
density-gradient centrifugation. Polysomal RNA (50 Ajz¢6o 
units) extracted from total polysome by the SDS-phenol 
method was layered on a 30 ml 10-30% sucrose gradient 
containing 20 mM Tris-HCl (pH 7.4), 1 mM Mg2+ and 50 

mM NaCl. Centrifugation was in a Spinco SW 27 rotor at 
22,000-rpm for 14 hr at 4°. Fractions of approximately 
0.9 ml were collected as described in Materials and 
Methods, Chapter II. Samples (10 wl) from the various 
fractions were tested for their ability to direct [+7*C]Leu 
incorporation in the cell-free system. 
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CELLULOSE CHROMATOGRAPHY 


4mM Tris 


25 
FRACTION NUMBER 


Figure 27. Cellulose column chromatography of polysomal 
RNA. Polysomal RNA (225 Ajggg units) extracted from total 
polysomes was diluted 10-fold with buffer containing 20 mM 
Tris-HCl (pH 7.4), 0.2 mM Mg2+, 500 mM KCl and applied to 
a 1 x 6 cm cellulose column previously equilibrated 

with the same buffer. The column was extensively washed 
with high salt buffer, then poly(A)-containing RNA 

eluted with 4 mM Tris-HCl (pH 7.4) buffer as described 

in Materials and Methods. 
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Table 13. Binding of poly(A)-containing polysomal RNA to 
cellulose at 0.5 M KCl. 
A260 units 
A260 units eluted with 

RNA sample applied 4 mM Tris-HCl % RNA bound 
Total polysomal iba Ey Ze 2.0 
Total polysomal 225 6.6 239 
Total polysomal 316 11.0 3.4 
Total polysomal 375 6.5 17 
Total polysomal 600 18..5 3,0 
Total polysomal 653 15.0 253 
Membrane-bound 

polysomal 220 11.4 Se 
Membrane-bound 

polysomal 250 18.0 dew 
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Figure 28. Sucrose density-gradient analysis of cellulose 


fractionated RNA. Linear sucrose gradients (10-20%) were 
made up with 20 mM Tris-HCl (pH 7.4), 1 mM Mg2+ and 50 mM 
NaCl. Centrifugation was in a Spinco SW 50.1 rotor at 
48,000 rpm for 2.5 hr. A. Cellulose pass-through RNA. 

B. Cellulose-retained RNA. 
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Total polysomal RNA fractionated by cellulose 
chromatography into pass-through and retained fractions was 
assayed in the cell-free system for the ability to direct 
amino acid incorporation. Figure 29 shows (t4cjLeu incor- 
poration as a function of the RNA concentration. Cellulose- 
retained RNA was found to have the highest incorporating 
activity (4-fold stimulation with this preparation of RNA). 
A relatively high incorporating activity was found in the 
cellulose pass-through fraction indicating that mRNA 
with low poly(A) content may be present in this fraction. 
Since the possibility exists that poly(A) may be sheared 
during phenol extraction (Perry et al., 1972) an alternative 
method using SDS-EDTA for extraction of RNA followed by 


sucrose density-gradient fractionation was tried. 


(d) SDS-EDTA extraction of polysomal RNA 
Polysomes were disrupted with 1% SDS-5 mM EDTA 
and centrifuged through a linear 10-30% sucrose gradient 


containing SDS-EDTA (Rhoads et al., 1972). The A sedi- 


260 
mentation profile was nearly identical to that of Figure 26. 
Fractions corresponding to the 15-20S RNA were pooled and 


concentrated by ethanol precipitation to be used in the 


cell-free incorporating system for product analysis. 
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Figure 29. (t4cjLeu incorporation directed by RNA 
fractionated by cellulose column chromatography. The 
TNS EL GUS) SS eee was carried out’ at/30° for 30: min at 3.5 
mM Mg2+, 65 mM KCl as described in Materials and Methods. 
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2. Translation of exogenous mouse liver mRNA in a 
cell-free system 
(a) Some general properties of the cell-free system 
Figure 30 shows the time course of 140_1abeled 
amino acid incorporation into hot TCA-insoluble material 
in the presence of cellulose-retained RNA extracted from 
total polysomes. It is seen that the activity was depen- 
dent on added mRNA (Fig. 30A) and 0.5 M KCl ribosome wash 
(Fig. 30B). The rate of incorporation was linear over the 
time period 15 to 45 min, hence 30 min was selected as the 
incubation time for further experiments. 
The Mg2* concentration curve exhibited a narrow 
range for incorporation with the optimum occurring at 3.5 
mM Mg** (Fig. 31A). Similar values have been reported 
in an ascites cell-free system for the translation of 
mRNAs, such as mouse globin and calf lens mRNA (2.5 mM Mg?*, 
Mathews et al., 1971; Mathews et al., 1972), histone mRNA 


(3 mM Mg-’, Jacobs-Loren, Baglioni, 1972) and mouse immuno- 


globin light-chain mRNA ( 3.7 mM Mg**, Schechter, 1973). 
The concentration of KCl was found to be less stringent 
than Mg*t with the optimum at 65 mM KCl (Fig. 31B). 

The effect of various concentrations of mRNA 
and ribosome wash on amino acid incorporation are shown in 
Figures 32 and 33, respectively. The relationship between 
rate of incorporation and RNA concentration was linear up 


to 7.5 ug RNA and reached a plateau at about 15 ug (Fig. 32) 


where a 9-fold stimulation of incorporation was observed. 


al Yo saztion omtd afd ewore Of oxcpeT ‘pe i}, 
Istisdam oldu foatt-AO? Jot ofat aolsstoqrecnt bies datas * 
mont bosostine AMA benisdes-senla ties io sonesemy ae ak. 
“negeh esw ysividgos ott fadj Geee ai dt .semosyleg Insod 
Hasw emoavdia £98 M 2.0 bite! (AOE pike) Ain Rebbe td Gaeb 

sit Y8vo asedil asw noktexcqiooal Ao eter odv ~. (GRE 
oilt an béddolee exw nim OC sonar mim 20 od 2f bokweq eats 
-einemivsoxa zsdse? sot emté antdsdyont ; 
woyren ©« betiditkxs evxup nots6euoasognos +S ait ¥ 
€,€ te pairxuooo pwmigdo sty diiw toetsetogqosa) zt ans 
barxoues need oven souls. zelinde j(are .ped) “Seer dee 
te poitelansis alt 101 meteve secielieo esticss as al 

*S54.mn 2.5) Avhor emok 2ine ke wédode’ Sevor-ae dow AU 
Aim stovect .(2Tel ,.Jn +s. eweryeM «LTel ,. in ae awedjsM = 

“Onumit sevom Bus (STCL ,inobipea .rerol-edoost ae Ma £) 
eAENOL .tagitioodse er Mm T.6 ) AMMn abedosdigst nidoip 

ttepntiga gest ed of batico? esw Lon Bo nossexwMeDnEs edt 
(GLE .pid) “108 Mix 2d oe mumtsqo sit gsiw “2M neds ria 7 
Aéfim 26 enotie=tnesnos BUCLYIBVY 20 toSits scl? 
ab awode 2:6 moitsxoyroon! bron onims no dsew emoeadia bas 
naswied ginedciisigx sit ‘Klevitcedaes ,f6 bas St eexuplt 
gv WefiLt baw ao.tserimodien Alt Bas notse-ogxopds to eter 
(Sf -pi't) py EL sods 25 vsetplg 6 Beisesi bis AWA pil oF: 


Spero oa mosdarogioond eo astantmite BtGt~e 4 


115 


Diss 
‘ 
= 
(Co) 
qt x 
E 
Q 
ors 
= 
<< 
m7 
mi ye | 
Sw + WASH 
Boe 
qo 
7 & 
in© 
(uy) AW, 
+ 2 3 
2 
-WASH 
a = ‘- 
§ 
0 
0 15 30 45 60 
TIME (min) 
Figure 30. Time course of amino acid incorporation in 


the presence and absence of liver mRNA and ribosome wash. 
RNA was extracted from total polysomes, and fractionated 
by cellulose chromatography. The cellulose-retained RNA 
was used at a concentration of 10 ug per assay. The 
reaction mixture was incubated at 30° and at the indicated 
times 100 ul sample was withdrawn and hot TCA-precipitable 
radioactivity was assayed as described in Materials and 
Methods. Background activity in the absence of ribosomes, 
310 cpm was subtracted from each sample. 

A. ee, with mRNA;0-0, without mRNA 

B. ms, with ribosome wash;o—0, without ribosome wash. 
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[4c] LEUCINE INCORPORATED (CPM x 1073) 
ro) 
Nn 


0 
0 2 4 6 8 10 40 80 120 160 
[Mg2*] (mm) [KCI] (mm) 
Figure 3l. (+4cjLeu incorporation as a function of the 


Mg++ and KCl concentration. RNA was extracted from total 
polysomes, was fractionated by cellulose chromatography, 
and the column-retained RNA was used at a concentration of 
12 ug per assay. The incorporation was carried out at 

30° for 30 min in the presence of 50 mM KCl (A.) and 

3.5 mM Mg2+ (B.) as described in Materials and Methods. 


A. Mg7t concentration curve 


B. KCl concentration curve 
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4c} LEU INCORPORATED (cpm 1073) 
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Figure 32. ipelpeen incorporation as a function of mRNA 
concentration. RNA extracted from total polysomes by 

the SDS-EDTA method was fractionated on a sucrose density- 
gradient containing 1% SDS - 5 mM EDTA, and the 15-20S 

RNA used in the cell-free amino acid incorporation system 
as described in the Materials and Methods. Incorporation 
was carried out at 30 for 30 min in the presence of 3.5 mM 
Mg2*, 65 mM KCl and 150 ug ribosome wash protein. The 
background activity of 300 cpm was subtracted from each 
sample. 
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Figure 33. The effect of ribosome wash concentration 


on [14c]Leu incorporation. The incorporation directed 
by 15-20S RNA was carried out as described in Fig. 32. 
15-20S RNA was present at a concentration of 15 ug per assay. 
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Ribosome wash became saturating at 125 ug protein (Fig. 33), 
an amount equivalent to that needed for poly (U)-directed 
Phe incorporation as described in Chapter III. 

Slight differences of incorporation level were 
observed with new preparations of polysomal RNA and ribo- 
some wash, hence, for each preparation the optimum con- 
centration was determined. The cellulose-retained RNA 
and 15-20S RNA were found to have the same Meas Kee 
and ribosome wash optima. In some cases the specific 
activity of cellulose-retained RNA was higher than that 
of 15-20S RNA. 

Amino acid incorporation directed by exogenous 
mRNA was examined as a function of run-off 80S ribosome 
concentration (Fig. 34). The total counts increased with 
the increasing concentration of ribosomes, but the counts 
incorporated per unit of A560 ribosome steadily declined. 
The highest specific activity was found at 2 Ar6g units/ml 
reaction mixture (0.2 Ao¢,/assay)- Similar results were 
obtained when examining the endogenous incorporation by 
liver polysomes (Fig. 35). Reasons for this apparent 


decline in activity will be discussed later. 


(b) Polysome formation 
In a cell-free amino acid incorporating system 
utilizing 80S ribosomes and exogenous mRNA, protein syn- 
thesis should be accompanied by the formation of polysomes. 
This was tested by analyzing the reaction mixtures in 


1 


sucrose density-gradients. [ 4c] Leu was included in the 
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Figure 34. (t4cjLeu incorporation directed by exogenous 


mRNA as a function of 80S ribosome concentration. The 
incorporation directed by 15-20S RNA was carried out as 
described in Fig. 32. 15-20S RNA was present at a concen- 
tration of 15 ug per assay. 
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Figure 35. The effect of se PONS concentration on 
endogenous incorporation. [~*C]Leu incorporation was 


carried out at 37° in the presence of 6 mM Mg2+ and 

100 mM KCl in three reaction mixtures which contained 

2 A260/m1l, 10 A260/ml1 or 20 Ag6G0/ml liver polysomes. At 
the indicated times, 100 ul samples were removed and hot 
TCA-precipitable radioactivity was determined as described 
in Materials and Methods. 
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reaction mixture to follow the distribution of newly- 
formed proteins in the gradients. Figure 36 shows the 
results of this experiment. In the absence of added mRNA 
(incubated at 30° for 30 min), some counts were observed 

on the top of the gradient but no radioactive material 
sedimented as polysomes (Fig. 36A). A sample containing 
both mRNA and ribosome wash but incubated at 0° also showed 
no formation of polysomes (Fig. 36B). However one incubated 
at 30° for 10 min did form radioactive material which sedi- 
mented in the region of polysomes containing 4-9 80S 
ribosomes (Fig. 36C). Continuation of incubation for 30 
min resulted in a slight shift of the polysome peak to the 
lighter side and an increase of radioactivity on top of 

the gradient. These counts may represent released poly- 
peptides. 

This constitutes the first time, to the knowledge 
of the author, that exogenous mammalian mRNA has been shown 
to support the formation of polysomes in a cell-free amino 
acid incorporation system. Palacios and Schimke (1973) 
were able to synthesize ovalbumin using hen oviduct poly- 
somal RNA in a reticulocyte lysate cell-free system. 
Sucrose density-gradient analysis of the reaction products 
was attempted, but the labeled polysome patterns were dif- 
ficult to interpret due to the simultaneous endogenous 
incorporation by reticulocyte polysomes. Wang, Nasco and 
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Arlinghaus (1972) have shown the ~H-labeled Raucher leukemia 


viral RNA binds to ribosomes with the sedimentation pro- 
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Figure 36. Sucrose density-gradient analysis of newly 


formed polysomes in the cell-free system translating 
exogenous mRNA. The complete reaction mixture (100 ul) 
contained 1 XO60 run-off 80S ribosomes, 12 ug cellulose- 
retained RNA, 150 ug ribosomal wash protein, 3.5 mM 
Mg2+, 65 mM KCl and other components as described 

in Materials and Methods. Convex-exponential sucrose 
gradients (0.3-1.0 M) were made up in 20 mM Tris-HCl 
(pH 7.4), 5 mM Mg2+ and 100 mM KCl. Centrifugation was 
in a Spinco SW 50.1 rotor at 40,000 rpm for 30 min. 

The gradients were fractionated and hot TCA-insoluble 
radioactivity determined as described previously. 

A. Without mRNA, incubated at 30 for 30 min. 

B. With mRNA, incubated at 0° for 30 min. 

C. With mRNA, incubated at 309 for 10 min. 

D. With mRNA, incubated at 30° for 30 min. 
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perties of polysomes when incubated in a cell-free system. 


(c) Translation of exogenous liver mRNA by 
ribosome subunits. 

Mouse liver ribosome subunits isolated by the 
method described in Chapter II supported exogenous mRNA- 
directed amino acid incorporation. A study on the kinetics 
of incorporation revealed that the 40S subunits alone 
showed no activity but when the 60S subunits were added a 
rapid increase in incorporation was observed (Fig. 37). 
The kinetics of this incorporation by the subunits was 
Similar to that by 80S ribosomes (Fig. 30A). 

Table 14 shows the results of an experiment in 
which the ability of our ribosome subunits to translate 
both synthetic and natural mRNA was tested. Poly(U)- 
directed Phe incorporation by run-off 80S and 40S + 60S 
ribosomes wasS as good as that reported in Chapter III. 
However, to obtain a Phe incorporation level equivalent to 


the 80S ribosomes,a 40S/60S A ratio of 1/l was necessary. 


260 
Hence, the 40S subunits were not as active as earlier 
preparations. When exogenous liver mRNA was used as 
template no incorporation was observed with the 40S 
subunits, while the 60S subunits incorporated oe eae 
equivalent to 5% of the 80S contraol. Mixtures of the 


40S and 60S subunits in Ar 6 Patios. of 172 "and. 1/1. 


showed activity equivalent to 65% and 76% of the 80S control 
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Figure 37. Time course of amino acid incorporation by 
oe subunits. Incorporation was carried out uSing 
C-labeled amino acids at 30%. At the indicated times 


100 ul samples were removed, which contained 50 ug 

15-20S RNA (extracted from total polysomes), 0.06 Ajg¢o 

40S ribosome subunits and other components as described 

in Materials and Methods. At 6 min, 60S subunits were 

added to the reaction mixture resulting in a 40S/60S A260 
Tatio.of 1/2.5 (0.06 Adgo 40S8S/70.15 Aye0 60S per assay). The 
background activity was not subtracted. 


E25 


a ae 


Ob of Os 
(nies) MIT 


on ims 


Table 14. Translation of synthetic and natural mRNA by 
mouse liver ribosome subunits. 


Poly (U) -directed Paso: mRNA-directed 
[14c] Phe incorporation [~-C]| Leu incorporation 
Ribosomes pmoles/A,¢4 % control pmoles/A,¢5 % control 
80S Load 00:0 1a Eee) 100.0 
40S 4.3 ers 0.0 0.0 
60S aL 1.4 0.6 Sra 
40S + 60S’ 134.6 87.0 7.6 65.0 
40S + 60s! 158.3 102.3 Sig 16.0 


Incorporation was Carried out at 30° for 30 min as described 
in the Methods with each assay containing 0.2 Aj6o9 unit 
run-off 80S or 40S.+ 60S ribosomes, 40 wo ipoly (U) or 50’) tig 
SDS=bDDITAr extracted 15 — 208 RNA, © and 150 ug 0.5,5M Kc 24 
ribosome wash. Phenylalanine incorporation was at 4 mM Mg’ , 
100 mM KCl while leucine was at 3.5 mM Mgt, 65 mM KCl. 
Background counts have been subtracted, 10 pmoles for poly (U) 
and 3 pote for mRNA-directed incorporation. t 40S/60S 
barre 1/2 A0S/bUSeratio wy Ar 
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value, respectively. 

The level of Phe incorporation directed by poly (U) 
with 80S ribosomes was excellent indicating the IF-M, 
and IF-M, in the ribosome wash were functional (Shafritz, 
Andersonsb971 jiuriOn the tother hand sthe translationlot 
exogenous mRNA was relatively poor (11.7 pmoles fteclbeu/ 
A560 ribosome as compared to 47.6 pmoles/A,¢4 ribosome 
in Fig. 32 and 33). This suggests that either mRNA 
or messenger-specific initiation factor in the ribosome 


wash (IF-M,)may have been partially inactivated. 
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(d) Inhibition studies: aurintricarboxylic acid 
and cycloheximide 
Antibiotics have been used with some success 

in identifying the sequence of reactions that occur on 
the ribosome during protein synthesis. Aurintricarboxylic 
acid (ATA, ammonium salt known as aluminon) and cyclo- 
heximide (actidione) are among those antibiotics that 
inhibit mammalian protein synthesis. The chemical 


structure for each is given below. 


COOH 
COOH CH 
OH 3 
HO C HC 0 0 
O 
CHOHCH. NH 
COOH 0 
Aurimtricarhoxylic acid Cycloheximide 


Low concentrations of ATA Pane M) inhibited 
the binding of f. and Qe mRNA to F. coli ribosomes (Groll- 
man, Stewart, 1968), globin mRNA to rabbit reticulocyte 
40S subunits (Lebleu et al., 1970), and at much higher 
concentrations, peptide chain elongation and termination 
(Webster, Zinder, 1969).  Cycloheximide binds to, the 60S 
ribosome subunit and therefore only inhibits mammalian 


protein synthesis (Rao, Grollman, 1967). This inhibition 
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was primarily due to blockage of chain elongation by inacti- 


vation of elongation factor EF. (Godchauz et al., 1967; 


2 
Baliga: et al., 1969; Baliga et al.,.1970),, and interference 
with release of deacylated tRNA from the donor site 
(McKeehan,, Hardesty, 1969; Obrig ,e¢ @1., 1971)... Cyclo-— 
heximide also interferes with the process of initiation 

at concentrations lower than that which inhibits elongation 
Munro set a1..,. 1968). 

Bifect of various concentrations Gf aurintri- 
carboxylic acid and cycloheximide on the translation of 
endogenous mRNA uSing liver polysomes and of exogenous 
mRNA using 80S ribosomes were tested. Logically one would 
expect that peptide chain elongation is the primary event 
in the translation of endogenous mRNA while peptide 
chain initiation is a prerequisite for the translation 
of the extracted mRNA, and that these differences could 
be detected by the inhibitors. Translation of exogenous 
mRNA should be more sensitive to a low concentration of 
aurintricarboxylic acid. Figure 38 shows the inhibition 
curves obtained with aurintricarboxylic acid. To achieve 
a 50% inhibition of endogenous protein synthesis, 2 x ‘ute M 
aurintricarboxylic acid was required as compared to 


s) 


4 x 10 ~ M for exogenous incorporation. This represents 


a 200-fold difference in sensitivity. Moreover, at 


haere tes 


M aurintricarboxylic acid, exogenous mRNA-directed 
incorporation was inhibited 80% whereas no effect was 


observed on protein synthesis by polysomes. A much less 
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Significant different of inhibition was found with cyclo- 
hexide (Fig. 39). The inhibition curves were nearly 
parallel with 50% inhibition occurring at 2 x noes Mo eve lo- 
heximide for the endogenous, and 2 x roe M for the exogen- 
ous incorporation. It is clear from these results that 

in the presence of added mRNA, the protein synthesis ob- 


served includes peptide chain initiation as well as pep- 


tide elongation. 
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Figure 38. Inhibition of translation of endogenous and 
exogenous mRNA by aurintricarboxylic acid. ri C]Leu 


Incorporation, was Carraecd.outeat 30°4fo0re.304mineaspcdescribed 
in Materials and Methods. Exogenous mRNA (15-20S RNA) was 
present at 50 ug per assay. Total polysomes were present 
ateO0.2 Age, Unitepernassay.|+AuULintricarboxylic acid 

was dissolved in water and added to each reaction mixture 
before the 15-20S RNA or polysomes. Control represented 

the amount of incorporation observed in the absence 

OL the anita biotic. 


o—o, translation of exogenous mRNA 


o—o, translation of endogenous mRNA 
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exogenous mRNA by cycloheximide. [-‘*C]Leu incorporation 
was carried out as described in Figure 38. Cycloheximide 
was dissolved in water and added to each reaction mixture 
before the 15-20S RNA or polysomes. Control represented 
the amount of incorporation observed in the absence of 
the antibiotic. 
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3. Product analysis: identification of albumin 
(a) Large scale incorporation for product analysis 
Evidence presented in this Chapter to this point 
indicates that mouse liver mRNA has been isolated and trans- 
lated in our cell-free incorporation system. However, 
conclusive evidence to support this argument would be 
to show synthesis of a’ particular protein.« JLiver is a 
complex tissue in which a wide array of proteins for 
intracellular and extracellular use are synthesized. 
Albumin was chosen as the protein to be studied because it 
represents a large portion of the protein synthesized by 
liver and it is readily identifiable by electrophoresis 
due to its high negative charge. 
For product analysis a reaction mixture of 1 


to 5 ml was incubated at 200 for 60 min. pt4ciLeu was 


replaced with a mixture of 15 14._1abeled amino acids 
supplemented with the remaining 5 cold amino acids. Table 
16 summarizes data typical of a large scale incorporation 
of labeled amino acids by membrane-bound polysomes, total 
polysomes (treated with detergent) and run-off 80S ribo- 
somes in the presence of extracted mRNA. 50-70% of the 
radioactive material synthesized by total polysomes and 
extracted mRNA was released directly into the supernatant. 
However, only 14.5% of the labeled polypeptides produced 


by membrane-bound polysomes were released into the super- 


Natant. jThas indicated that the major parte or these 
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newly-synthesized proteins entered the reticulum cis- 
ternae as required for extracellular transport. Disrup- 
tion of the membranes by freeze-thawing and sonication 
enabled recovery of 50% of the labeled membrane-associated 
polypeptides. Albumin synthesized on the membrane-bound 
polysomes and recovered in this way was used as a control 
in the immunological and gel analysis of products synthe- 


sized by exogenous mRNA. 


(b) Identification of albumin by polyacrylamide 
gel electrophoresis and immunoprecipitation 
When the products obtained with mRNA extracted 
from membrane-bound polysomes were analyzed by poly- 
acrylamide gel electrophoresis, about 8% of the total 
radioactivity was found to be coincident with the albumin 
fraction (Fig. 40A). A control sample incubated in the 
absence of polysomal RNA showed little radioactivity 
throughout the gel. Gel analysis of the products of 
endogenous protein synthesis by membrane-bound polysomes 
is presented in Figure 40B. About 25% of the total 
radioactivity recovered from the gel was in the albumin 
fraction. This figure, however, 1s based On radio— 
activity released from the microsomal membranes and 
cisternae by freeze-thawing and sonication, and should not 
be directly compared with the percent of albumin synthesis 


represented in Figure 40A. 
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Figure 40. Polyacrylamide gel analysis of cell-free 
products directed by exogenous and endogenous mRNA. Elec- 
trophoresis was carried out in 7% gel at pH 8.9 as described 
in Materials and Methods. 


A. Proteins produced by mRNA extracted from membrane- 
bound polysomes. The components of the reaction mixture 
were the same as described in Materials and Methods except 
that the total volume was 1 ml. After incubation at 30°C 
for 60 min the sample was centrifuged at 149,000 x g (av) 
for 90 min and the supernatant was analyzed in gel. 


@--e , with mRNA; a-—-a , Without mRNA. 


B. Products of endogenous protein synthesis by membrane- 
bound polysomes. Membrane-bound polysomes (2 Ajg¢oq units) 
were incubated with 0.5 uCi (i4citeu, with components as 
described above for 60 min. The reaction mixture was 
centrifuged at 149,000 x g (av) for 90 min, the pellet was 
suspended in water, frozen and thawed and then sonically 
disrupted for 5 min in a Bronson Sonifier at setting 
number 5. This was then centrifuged at 149,000 x g (av) 
for 90 min and the supernatant analyzed by polyacrylamide 
gel electrophoresis. 
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The amount of albumin synthesized as determined 
by gel electrophoresis was highly reproducible, with sev- 
eral RNA preparations from membrane-bound polysomes it 
ranged from 5 to 8%, and with RNA from total polysomes, 3 
to 4% of the total counts on the gel. Further fractionation 
of polysomal RNA by cellulose column chromatography, or by 
using the 15-20S RNA fractions after sucrose density-gra- 
dient centrifugation, resulted in an overall increase in 
specific activity but not in apparent enrichment of albumin 
mRNA. Figure 41 shows the gel analysis of the products 
synthesized by these two RNA preparations. 

Radioactive albumin in the cell-free products 

was also analyzed by precipitation with anti-albumin serum 
(Table 16). The results were in agreement with those ob- 
tained by gel electrophoresis although in several analysis 
the immunological assay tended to give slightly higher 
values of albumin synthesis than gel analysis. Before 
precipitation with anti-albumin serum the reaction mixtures 
were cleared of nonspecific precipitable material by the 
addition of chicken serum and rabbit antiserum to chicken 
serum. These precipitates usually contained 100 cpm 

to 150 cpm, and if the clearing reaction was repeated a 
second time, low counts (<50 cpm) were found in these pre- 
Silpitates.. It is stil possible that non—specizacG pre— 
cipitation occurs with anti-albumin serum and, in addition, 
precipitation of incomplete albumin chains (Hill et al., 


1972; Uenoyama, Ono, 1972; Taylor, Schimke, 1973) may 
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contribute to higher values of albumin synthesis. 

In order to further confirm that the radioactivity 
in the albumin fraction of the gel represented newly- 
synthesized albumin, we subjected the cell-free products 
to a purification procedure (as described in Materials 
and Methods) with respect to albumin and then analyzed 
by gel electrophoresis. The radioactivity in the albumin 
fraction before (Fig. 42A) and after purification (Fig. 42B) 
was 4% and 19%, respectively, of the total counts on the 
gel. This increase in radioactivity corresponded with the 
degree of purification of albumin (approximately 4-fold) 
in the sample indicating that the radioactivity in the 
albumin fraction in fact reflected the newly-synthesized 


albumin. 
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Figure 41. Polyacrylamide gel analysis of cell-free 
products directed by polysomal RNA. Conditions for incor- 
poration and gel analysis were as described in Figure 40A 
and in Materials and Methods. Poly (A)-containing (cellulose- 
retained) RNA and 15-20S RNA from total polysomes were 
present at 10 ug and 50 wg per 0.1 ml reaction mixture, 
respectively. 

A. Proteins produced by poly(A)-containing RNA. 

B. Proteins produced by 15-20S RNA. 
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Table 16. Precipitation of cell-free products by rabbit 
antiserum to mouse albumin. 
Endogenous Extracted mRNA 
Membrane- 
Membrane- bound Total 
bound Total polysomal polysomal 
polysomes polysomes RNA RNA 
cpm % cpm cpm S cpm % 
Total ; 
radioactivity 3300 - 4500 4225 >= 5500. = 
Radioactivity 
precipitated 980. 530.0)/;820 Pacts oe Broken @) 2200 els eG 


Samples used for analyses were prepared 
methods described in the legend of Fig. 
40B for endogenous mRNA. 

non-specific background, 150 yl samples 
with chicken serum and rabbit antiserum 
at 37° for 60 min (Redman, 1969). 


mRNA and Fig. 


according to the 

40A for extracted 

In order to remove 
were first incubated 
to chicken serum 


The precipitates were 


removed by centrifugation, and to the supernatants mouse 
serum and rabbit antiserum to mouse albumin (Nutritional 
Biochemicals Corporation, Cleveland, Ohio) were added and 
incubated at 37° for 60 min, and then overnight at 4°C. 
The precipitate was washed three times with 10 mM Tris-HCl 
(pH 7.8) - 150 mM NaCl, resuspended in 1 ml 10% TCA and 
collected on Millipore filters for counting in a liquid 
scintillation counter. 
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Figure 42. Polyacrylamide gel analysis of cell-free 
products before and after albumin purification. The 
experimental condif-jons were the same as described in 
Figure 40A except C-protein hydrolysate was used. 
15-20S RNA was present at a concentration of 50 ug per 
OF, Ml reaction mixtunce. 
A. Proteins produced by 15-20S RNA extracted from total 
polysomes 


B. Same as A, but after partial purification of albumin 
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D. Discussion 

The first mammalian protein synthesized by exo- 
genous mRNA in a cell-free incorporation system was mouse 
reticulocyte 8-globin chains (Lockard, Lingrel, 1969). 

This success can be partially attributed to the fact that 
reticulocytes synthesize essentially one class of proteins, 
a- and 8-globin chains of hemoglobin, which are coded by 
monocistronic mRNAs with a sedimentation coefficient of 

9S (Bulova, Burka, 1970). Since mRNA represents approxi- 
mately 1% of the cellular RNA, the problem of its isolation 
involves separating it from the 18S and 28S ribosomal RNA. 
Fractionation of reticulocyte polysomal RNA by sucrose 
density-gradient centrifugation allows one to select the 

9S peak, and by repeating the sucrose gradient fractionation, 
highly pure and active globin mRNA preparations have been 
obtained (Gurdon et al., 1971; Housman et al., 1971; 

Mathews et al., 1971). Other mRNAS purified by sucrose 
gradient fractionation based on S values of polysomes and 
RNA extracted include lens a-crystallin (Mathews et al., 
1972), histone (Jacobs-Lorena et al., 1972), myosin (Heywood, 
Nwagwu, 1969) and myoglobin (Thompson et al., 1973). 

Two other approaches to obtain an RNA preparation 
enriched with mRNA include the use ne cellulose or cellulose 
derivatives to bind poly(A)-containing mRNA, and the selec- 
tive immunoprecipitation of polysomes by antibody to the 
protein they synthesize. By these methods mRNA for catalase 


(Uenoyama, Ono, 1972), immunoglobin (Schechter, 1973), 
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ovalbumin (Palacios et al, 1972) and tryptophan oxygenase 
(Schutz et al., 1973) have been isolated. 
Isolation of mRNA for albumin presents a more 

difficult challenge than that for smaller proteins such 
as globin or myoglobin. Albumin is a stable, single 
polypeptide chain containing no other constituents with a 
molecular weight of 65,000 daltons (Peters, 1962). Mess- 
enger RNA coding for a protein of this size would contain 
about 1700 nucleotides, and assuming 200 adenine residues 
are present in the poly(A) segment, necessitates a molecule 
of molecular weight 5.5 x hee daltons. The portion of 
mRNA coding for albumin would be approximately 5800 A 
in length (1725 nucleotides x 3.4 iSeries space of 
300-350 A exists from center to center of each translating 
ribosome, albumin synthesizing polysomes could contain 
16-18 80S ribosomes. In comparison, globin or myoglobin 
polysomes would require 4-6 80S ribosomes (Temple, Housman, 
bO72* Thompson eb ale, LI733 Low, Rich, £973). 

It is clear from the results presented in this 
Chapter that the mouse liver cell-free incorporation system 
using run-off 80S ribosomes was suitable for the transla- 
tion of exogenous mRNA. This system was completely depen- 
dent on added mRNA and ribosome wash for activity (Fig. 30). 
Ionic conditions were also found to play an important role 


2+ 
in the translation of exogenous mRNA. In the case of Mg 


. + 
amino acid incorporation was reduced by 50% when the Mg” 


concentration was changed to 1 mM below or 2 mM above the 
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optimum of 3.5 mM Mg*t 


(Fig. 31). Mathews (1972) observed 
that there were different salt optima for the translation 
Of globin mRNA and EMC virus RNA in a Krebs II ascites cell- 


2+ + ‘ 
and K concentrations 


free system. He points out that Mg 
could be selected in which one messenger was translated 
efficiently while the other hardly at all. 

Results presented in Figures 34 and 35 illustrate 
that factors other than ionic conditions can influence the 
size of proteins synthesized in a cell-free system. As the 
total concentration of run-off 80S ribosomes or polysomes 
increased, the amino acid incorporation/0.2 Axo unit was 
found to decrease. A large excess of ribosomes could possi=- 
bly deplete some substrate causing premature termination of 


protein synthesis. Polyacrylamide gel analysis of polypep- 


tides synthesized by various concentrations of polysomes has 


further substantiated this conclusion (Miall, Tamaoki, 
unpublished results). 

In this study two different experiments confirmed 
that the observed amino acid incorporation in our cell-free 
system was due to peptide chain initiation and elongation. 
Newly-formed polysomes could be detected in the cell-free 
system by sucrose density-gradient analysis. Deletion of 
either mRNA or ribosome wash resulted in no polysome 
formation (Fig. 36). Secondly, the antibiotic, aurin- 
tricarboxylic acid, inhibited exogenous incorporation at 


a concentration which had no effect on the completion of 


auolteatasonbo " ‘brs Som Tea 
betelersxa Rew ISpredeom otic esha basoules “ bine 
Lis te vibe wilde ond slid qisnetolte 

eteysenili Sf bas bt eotvpl? ni beshisesaq etivest 1 ri 
aty eonsoltut aaa anolsibaos pinot asas teHiz0 wxegost gadt _ 
ot# aA’ .wadeve sovt-=L[loo a qi beslastanye enis207q Io outs 
asiineyiog Yo. zertovodin 208 Bornes to rottatsaeonos IstoF 

A S.0\nokte 10410942 Bios ontms edt ,Deasetont 


epw Seas jae | 
~baroy Sfpos eamonodia 20 esenxe) spist A .seseio06 of Bayok 7 
to noLdoninzes sivieme'ry peieusS sisxtedue smoz etelgeb yid ~ 
~geqyiog to elaylens isp sbinelyzzevicet -efesdinye nisso1q. 


zen eamoaylog Jo encizsinestes evoitsv yd besizedsaye eebis 


»txosmsT ,lisim) seianiones elds bsssisneteadua sedtwwd 
. (adivess bere dua 

hoamtitrion edaomitequs tosys2lib owt ybute aiAg ni 
aavi-[Ilso suo nt ablzermocrosxnt Bins ombme bevssedo ont tant 
' falseprvle bis Aolictiial alauio shtoqeg of ub asw moseye 
4ezh-Dis> oto nt hetosteb ad bluod cemoeylog bewx08-ylwon _ 


fo notdelad -eieyians tasibsig7ytbeaneb sec Due vd meseye 4) 
smog ylog of mi betineot esw emoeodis so: AMAA xsiisto ; 


“piste Skantdi sae 2h ite «(ee '. ets HOR 
aaa sis a8 ‘on bad Moby ae 


growing polysomal polypeptides. Although the precise 
interaction of aurintricarboxylic acid with the "pre- 
initiation complex" is not known, most evidence supports 
the theory that it interferes with the binding of mRNA 
to the 40S ribosome subunit. Recently Ayuso-Parilla, 
Hirsch and Henshaw (1973) found that aurintricarboxylic 
acid inhibited the binding of specific proteins to the 
native 40S subunits. According to the ribosome cycle 
that they propose (Henshaw et al.,1973), these non- 
ribosomal proteins must bind to the 40S subunit before 
mRNA can be bound. It is not certain at this time whether 
these proteins are identical to the mammalian initiation 
factors. However, it is obvious when comparing the two 
sets of anhibition curves (Fig. 38 and 39), that aurintri- 
carboxylic acid at low concentration (107" M) inhibited 
some part of the initiation process, whereas the effect 
of cycloheximide was more general affecting both peptide 
chain initiation and elongation. 

It was found that albumin mRNA, like many other 


mammalian mRNAS, was bound to cellulose at high ionic 


strength and therefore probably contains a poly(A) segment. 


Sucrose density-gradient analyses of the retained RNA showed 


components with molecular weights estimated by Gierer's 


equation? (952) to range trom 2... x 10° tO. 1.3 x roe 


IGierer's equation was based on measurements of TMV _RNA 


made in a 0.02 M phosphate (pH 7.0) at 59; M=1100 s2-2 where 


M and S represent molecular weight and sedimentation 
coefficient, respectively. 


146 


ilixst-oauyéA yitnsoet .dieudve emqsed’s 20) ed3_o9 
oifyxodisotitat+0s tedd bio? (ETC) wedansh bas doette 
a(f% ot “entesoxg obttpoue Io poifinkd ost Bertdtint Bios 
aloys amonedix sit 63 Catone -etinudue 208 eyissa 
=tonm seaside » (EXCL y ein +s wedeasH) seegotq yeds tedt 
szolod tiaudue B08 edt oF Batd teum entesomw Ismosodts 
19ttedw omis eidd ds nistxveo don eft 31 = .basttod ed 18>. Aim 


motselising astisomem offs. od Isoivnstl exes antesorq eaads 
owt sit paiiaquon telw epotvdo el ai ,savewoH .e103962 
-Iujolive dodo ,(&& bore SE .ptt) esvaus goltididnat io ate 
basecdising (M P10) toitextaeonoo wol os Bites oi lyxodaso 
josties eit enaiedtw .exscorq aoitsrtini afd Yo 318q smoe 
Sshisysa djod partesitie Inzenep eszom Baw shimixodoloyo 20 \ 
Aoitsonels bs ubitveidink ntado 

apAato ynem axl \AAm nivwals Iscd Hawol aeaw tf 


sino dpin tn seolullau of bavod esw ,v Ava ost lemma 


dl al (4) ¢leq 6 encoinon Yidedarg Ssiotexcidd bas d3paats 


ee 


beworl2, AWA Lenisses edz to agay [605i Jie, bap-yiteasb aera 


a’ as ue ih) vd. abet atdpisw aeltinetom daiwv snes 
*or x5E.1 of emt x I.S Mott eps: of (S8#Or) ‘nods aeps 


ices 


orsinn ESE enci-h ste" fe (Och gh asmcgcods m COCR. 7 ie 


x6 


6lyzatom 
‘cist eee | 


147 


daltons (McConkey, 1967). Although these values are only 
approximate (due to possible differences of hydrodynamic 
effects), they are in the range of the theoretical value 
for albumin mRNA. 

The results of the annunoprebapeawioh and 
polyacrylamide gel analyses indicated that liver polysomal 
RNA isolated by either cellulose column chromatography 
or sucrose gradient fractionation, could direct the 
synthesis of albumin in the homologous cell-free system. 
That the observed incorporation truly represented newly 
synthesized albumin was further verified by its partial 
purification. The increase in counts in the albumin 
fraction after purification was in agreement with the 4- 
fold purification of albumin. 

In most cases the 15-20S polysomal RNA from the 
sucrose gradients had a higher activity in the cell-free 
system than RNA isolated by cellulose column chromatography. 
This higher activity could be due to a protective effect 
by ribosomal RNA from ribonuclease degradation or that 
the mildness of the SDS-EDTA extraction procedure minimized 
damage to the mRNA. Since the percentages of albumin 
synthesized on cellulose-retained RNA and 15-20S RNA were 
similar, it is suggested that the difference was due to a 
general loss of activity rather than a specific loss of al- 
bumin mRNA. Possibly a better approach to the problem, know- 
ing that both types of RNA code for albumin would be to treat 


polysomes with SDS-EDTA, isolate the 15-20S RNA from sucrose 


bet scladuedapmente 349 Yo etivec oft _ 
fémejeyiod ssvit gad Bessorbet eastyions fey ebimslyxosy log 
ylostporenadS nmgloo seoluliss sefyie ya bevstout AMA 


sy dos1iB Blues. \wokxsnortoss? Jaekhete ezotove TO 
negegs afe2-Iies spopolonod sid ab minwdic Yo siseninye 
viwee betviseo vss ylurd nolisroquoont Bevreado oft Jed? 


tezg244 24} yd Ballrsev witnnt saw mimes box testinye ; 


nimwdte act of agzatos. ot Base toKt oft .aabseotitaug 

h ody ddiw Sneueetps ni caw aaltestitavg wdIs nolsosz% 
wtinwdle 20 cosotiiag Blot 

eis mon} AWS Iamoegiog 208-21 sft aseed feo at _ 


auci-ifee efi di ytéviges redpid «os Det adoelbsip Sseotous 


yAqeteosenotds civics ssolulion yd beteiogl AMA asd3 meteve 


Ynetts uvatosgoxw;: » od 4uh ad Bbiven yoivitos xzerpid atdt 
2ei3 10 wobIshetpsh senelounodia mox? AMA Lemosodix yd 
Bésiminin stubssorn nottositwee ATGM-2de sad to exenbita arts 
ninudie to gepsinecrsq ott eont® JAMAm edd oF epamab 

esew AKA AOS-2t bag Ant becisJer-eaolaliee no bestesdinys 


6 6¢ aub caw sonadettib-edts -tedd bevesppce 2b 31 stinks . 
«le Be aged OF PEssqu 4 asta asdis: ytividos 2o aaol isxeasp : 


-wona ,meidorg od of doborqge a5tden 6 yldiesol ,AMAm 
tov od oc bivow mimidis 262 shod Ald to abgys dod ddd 
svoisue qond AdN 8OS-81 wld etalon? xngevace Wun 


148 


gradients and apply this to a cellulose column for final 
Pear: 

While in the eracees of writing this thesis two 
reports on the cell-free synthesis of albumin in heterolo- 
gous systems came to our attention. Taylor and Schimke 
(1973) using rat liver total polysomal RNA were able to 
demonstrate the cell-free synthesis of albumin and found 
the highest albumin synthesizing activity in the 18S 
RNA peak. Shafritz (1974) found exogenous rabbit liver 
polysomal RNA capable of directing the synthesis of albumin 
in a reticulocyte cell-free system. Comparison of the 
proteins synthesized by free and membrane-bound polysomal 
RNA revealed albumin to be synthesized by both. These 
results suggest that albumin mRNA is present in free 
polysomes as well as membrane-bound polysomes, but in 
the case of the free polysomes it is in a non-translatable 
form. Once the RNA was extracted, however, the mechanism 
controlling this non-translatiaqn would be defeated thereby 


allowing albumin synthesis to occur in the cell-free system. 
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CHAPTER V 
GENERAL CONCLUSIONS 

From recent studies on the structure and function 
of ribosomes it is becoming increasingly apparent that 
they play a more direct role in the regulation of protein 
synthesis by processes which are independent of the rate 
of mRNA synthesis. 

When the mRNA concept was first formulated, 
it was believed that ribosomes were inert scaffolds 
upon which mRNA attached to be translated. However, 
it is now known that the process of protein synthesis, 
and of initiation in particular, is complex requiring 
the presence of specific protein factors. It has 
been suggested that several classes of these "protein 
initiation factors" may exist to regulate the production 
of specific proteins (Thompson et al., 1973). The function 
of this mechanism would be to allow a "fine tuning" of 
the post-transcriptional events of gene expression whereby 
proteins required for a particular phase of cell develop- 
ment would be synthesized in a synchronous manner. 

With the advent of methods to isolate and trans- 
late natural mRNA in a cell-free incorporation system, 
it will be possible to study the synthesis of a specific 
protein under the influence of initiation factors isolated 


from cells at different stages of differentiation. 
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Current application in this laboratory of the 


cell-free systems described has allowed the study of 


several proteins: one of which is a-fetoprotein, an 


embryonic protein normally present in fetal liver. 


a-fetoprotein in adult serum, however, has been found 


to indicate the 
It appears that 
embryonic genes 


protein mRNA or 


somehow allow the messenger to be translated. 


system utilizing exogenous mRNA will enable investigation 


presence of a neoplasm (e.g. hepatoma). 
with the development of cancer, the 
are activated to either produce a-feto- 


if the mRNA is already synthesized, to 


of the possiblity of this being a transcriptional or 


translational control mechanism. It is hoped that the 


methods developed in this thesis will enable further studies 


to be done on the mechanism and control of mammalian 


protein synthesis. 


A cell-free 


150 


tin at 8 xm ‘awe 
‘(airom ease 48.6) mestqoan s Pieaikn = 

ead ,199n89 36 ddemqoteveh sad ditw Jedd sxanuge 4 : 

-tst-0 wpubesy yardbe of ibetavides ors seney ot 10% lm 7 

ot .besbaunsnye Ybsails ef Autm 6dt DE to Alm mks eo 

s91t~-Ileo' BK -botolensx od oy szepasécsm ont wolls worlemon — 
ocobagperara ia pidsse Iltw Ain ewodspexs poisiiisi meoeye 


20 isnoisglioensst 45 paisd etdt Yo yi ldiaeog oft to 


ofl? teh bsqod 2k sl jmadusrinem Loxtno Tenoldaseanasy 

asthose sod yp? oidens iliw ateady aids ak beqoleveb ebodtom 
nsiisnitkrt 26 Lordoo fis meinsiloem sf3 mo snob ed oF 

vabeaddaye atesosg - 


BIBLIOGRAPHY 


Adesnik, S.D., and Darnell, J.E., 1972. Biogenesis and 
characterization of histone messenger RNA in Hela 
celts jJceMol, BIolsi¢7 : 3078 


Arlinghaus, R., Shaeffer, J., Bishop, J., and Schweet, R. 
1968. Purification of the transfer enzymes from 
reticulocytes and properties of the transfer reaction. 
Arch. Biochem. Biophys. 125:604. 


Armstrong, J.A., Edmonds, M., Nakazoto, H., Phillips, B.A., 
and Vaughan, M.H. 1972. Polyadénylic acid sequences 
in the virion RNA of poliovirus and eastern equine 
encephalitis virus. Science 176 526. 


Ayuso-Parilla, M., Hirsch, C.A., and Henshaw, E.C. 1973. 
Release of the non-ribosomal proteins from the 
mammalian native 40S ribosomal subunit by aurintri- 
carboxylic acid. J. Biol. Chem. 248:4394. 


Baliga, Basa Cohen, S.A., and Munro, H.N. 1970. Effect 
of cycloheximide on the reaction of puromycin with 
polysome-bound peptidyl-tRNA. FEBS lett. 8:249. 


Baliga, B.S., Pronczuk, A.W., and Munro, H.N. 1969. 
Mechanism of cycloheximide inhibition of protein 
synthesis in a cell-free system prepared from rat 
liver. J. Biol. Chem. 244:4480. 


Birbeck, M.S.C., and Mercer, E.H. 1961. Cytology of cells 
which synthesize protein. Nature 189:558. 


Blobel, G., and Potter, V.R. 1967. Studies on free and 
membrane-bound ribosomes in rat liver. I. Distribu- 
tion as related to total cellular tRNA. J. Mol. 
BLO1.. 12.0,227 9. 


Blobel, G., and Sabatini, D. 1971. Dissociation of mamma- 
lian polyribosomes into subunits by puromycin. 
Proc. Nat. Acad. Sci. USA 68: 390. 


Bollen, A., Petre, J., and Grosjean, H. 1972. Direct 
biochemical approach of the structural heterogeneity 
of 30S ribosomes from Escherichia colt. FEBS lett. 
24:32/. 


Borun, T.W., Scharff, M., and Robbins, E. 1967. ° Rapidly 
labeled polyribosome-associated RNA having the pro- 
perties of histone messenger. Proc. Nat. Acad. 
Schnee 26°97 Ir 


P51 


aeodsipge Sloe SFL 
aniupes niatabe’ 


_ 4 Maer ed ond 30/Be ee “sosyoatve . 
Aid .@qbivbde (8. ,ctexeds sae Be prior) amxA 
ete : 
x 


052. 9 


neice .eumiv cas 


ENGL ,0cd, \wetlaned as ,«A.> ydomzd 7 ete i 


ans, nOst 


janietong |, 


~brsedas Yd Jtemydue Cemoeac BOP evI | 4 
LEBER: BRR .medo .iol& .0  .bfoe8 ob lyxe : 
jostta .0TeI .WiH ,aaaum. Bite «Ae 4 .-2-4 ,spbise 
da tw as iq 20 ala ernie sa no to a 
-ObS:% .¢del eana .AUAd-Dybisded og 
.Q90£ . Woh govt Bas , WA setae 8.8 agli 
nist#o1q jo nostidisos Shims to. me 
36x moti bersqs3q maszaye sexk- B ni aivorisaye 


afion io ypoiled 2) 
REG: S91 


.O@bb: eet wmedd .lol@ .t .tevil 


fae sl yxso%9M Bos ..2.8.M ,coedzhe > 
esiuteu tedoxg sxteedidaye doirw 


he. oeah nn 2aaitwie S88. .8.V .metsof base ,.5 ,ledolsé 
. ~ddegield lL stavil day-al aemor 


LOM .T. 


AWTS 


4 er on seimem 
telwuliss piel go hstaior 26 nols 
A 


TSi"3 .lois 


-mimem tO aoidstoowesu. .1Ver .d yinitsdse bas ord ,ledola& 
+ FLAG qe bi donde oxak eonoretizyiog met 


toex11d 


sSVRL 


,OLE 09 “ARO . foe . BOA open aan 
ma scepheons Dib. yt asees vA yaeltod . 


\susemegyiied Ievuzogate of 3 Re dors 
sleet aie 


Loe 


Brenner, Sy Jacob, F., and Meselson, M. 1961. An unstable 
intermediate carrying information from genes to 
ribosomes for protein Synthesis. Nature 199:576. 


Bulova, S.I., and Burka, E.R. 1970. Biosynthesis of 
nonglobin protein by membrane-bound ribosomes in 
reticulocytes. J. Biol. Chem. 245:4907. 


Busiello, E., Di Girolamo, M., and Felicetti, F. 1971. 
Role of mammalian ribosomal subunits and elongation 
factors in poly(U)-direct protein synthesis. 
Biochem. Biophys. Acta 228:289. 


Chao, F.C., and Schachman, N.K. 1956. The isolation and 
characterization of a macromolecular ribonucleo- 
protein from yeast. Arch. Biochem. Biophys.61:220. 


Cold Spring Harbour N Y Laboratory of Quantitative Biology. 
1969).95 ColdwSprang: Harbor) Symp.-Quant:aBiol.),34, 


Collins, J. F., Moon, H.Me-,. and Maxwell; B.S. ~ 1972. 
Multiple forms and some properties of aminoacyl- 
transferase I (Elongation factor I) from rat liver. 
Biochemistry,l1 :4187. 


Crag, N., Kelley, DeE., “and Perry, R.Ps 7 197L. Lifetime 
of the messenger RNAs which code for ribosomal 
proteins in L-cells. Biochem. Biophys. Acta 246:493. 


Crick eg FHC... gi OS58.4\iOny-protein synthesis is The. bro Logieal 
replication of macromolecules, Symposium of the 
Society for experimental biology. XII, p 138, 
Cambridge University Press, London, 


Crick» F HsC.., Barnett, ., Brennen. °S.,,.Watts-=Tobin, R.J. 
1961. General nature of the genetic code for proteins. 
Naturersy 92 145227. 


Darnell, J.E., Philipson, L., Wall, R., and -Adesnik, M. 
1971. Polyadenylic acid sequences:role in conversion 
of nuclear RNA into messenger RNA. Science 174:507. 


Delauney, J., Mathier, C., and Schapira, G. 1972. 
Eukaryotic ribosomal proteins. Interspecific and 
intraspecific comparisons by two-dimensional 
polyacrylamide-gel electrophoresis. Eur. J. Biochem. 
Sl 2-5 Ole, 


Edmonds, M., Vaughan, M.H., and Nakazoto, H. 1971. Poly- 
adenylic acid sequences in the heterogeneous nuclear 
RNA and rapidly-labeled polyribosomal RNA of Hela 
cells:possible evidence for a precursor relationship. 
Proc. Nat... Acad, .cCl. Ooelos6. 


vet. .ti3eokiet bak 44h yomedioake | i 
aotdapnote 2 [eueer Sir. me. oo 
Nr rte Omg)" bag « I) , ? 


DAS OOLte Loss sap sees «ay, amAS wine : : 
oa lovaods 1 asduoe! fin 6 20 Objes fyodostedo | ve) 
OCS 2: en. 2yigqord mato: re Choy not S = 


.yYpoloil avitestagisep to ‘YI s30ds,1: ¥ uw Rr x1g2 . ’ 
&é sforl sctopug’ +qnye x prtkae we - 
STCL  .2.R 4 floweeit bee. abt yaD.G y@nillod. — 7 
~lyYosOn Ema, Fa \ealdisdesd. moa ‘ lobseen 7 
eievil 1% wort 4T tedoas voting l sesvetensis . 
Bik. il exsermedooks 9 Oe 


emtdsail TOL 908. ,viued Bre, Sane apart — »plexd 
Dames chi 201 Oobo0 FOLuW eA * 
-EOb:t0@ SdoA vavttigotsd menoais naitonen cach) Sate ‘Lup 


Saaegaterd sit eteetitays irtetozy ao: Ghebt — .D6he@ 4 oLsd 
eft Io myLeoqmye 4 savioasomeibam<go soi dnes Squat. oe 
\8EL gq . TEX. ypoldld Leansiniw¢Ke 268 Wielape 
nobfu ,ae619 ytteseviad ephixdmsd a q | 
1 


.L,7 ,tidot-astaw ..2 .yantiend (id qttonisé, ,.9,0.% \aokeD i 
anteasory.262 sboo Slianep odj In cuvten Lesvaned .«Lael vot? 
| | VES Es es ewissh 


oM. wiinseGs baie, A Gi leW -\.J inoaqt tide: ,.3.0 ,ileazsa 
uofexavinen ai slox: B90nsBuUpea bios ot ivae bey fot iver 
NOG. ooneio2 ANA Lasicghichconi ost A aéofounh to Je 


Jaetooke tb 158 ‘viemleruaisere: aero 

ry Th. 

-ylod .L7er .M \ebeombal | - 
=e ponaporesed sit Ri eeyneipes binn-atigashe 6 a 
giinackéelan 4 | / 


153 


Eisenstadt, J.M., and Brawerman, G. 1967. The role of 
the native subribosomal particles of Escherichia colt 
in polypeptide chain initiation. Proc. Nat. Acad. 
Sci. USA 58:1560. 


Faber, A.J., and Tamaoki, T. 1972. Isolation of active 
ribosomal subunits from L5178Y mouse lymphoma cells. 
Arch. Biochem. Biophys. 149:289. 


Falvey, A.K., and Staehelin, T., 1970. Structure and 
function of mammalian ribosomes I. Isolation and 
characterization of active liver ribosomal subunits. 
os MOL. Biol» 53 els 


Fogel, S., and Sypherd, P.S. 1968. Chemical basis for 
heterogeneity of ribosomal proteins. Proc. Nat. 
Acad. Sci. USA 59:1329. 


Gamow, G. 1954. Possible relation between deoxyribonucleic 
acid and protein structure. Nature 173:318. 


Ganoza, M.C., and Williams, C.A. 1969. In vitro synthesis 
of different categories of specific protein by 
membrane-bound and free ribosomes. Proc. Nat. 

Acad. Sci. 63:1370. 


Gierer, A. 1958. Grosse und struktur der ribosenuclein- 
Saure das Tabakmosiakvirus. 2Z. Naturforsch 136:477. 


Gilbert, B.E., and Johnson, T.C. 1972. The use of amino- 
acyl-tRNA to measure polypeptide synthesis by 
ribosomes isolated from neonatal and adult mouse 
brain tissue. Biochem. Biophys. Res. Commun. 46:2034. 


Gilbert, J.M., and Anderson, W.F. 1970. Cell-free 
hemoglobin synthesis.II. Characteristics of the 
transfer ribonucleic acid-dependent assay system. 
J. Biol. Chem. 245:2342. 


Gilbert, W., 1963. Polypeptide synthesis in Escherichia 
colt. I. Ribosomes and the active complex. J. Mol. 
Biol. 62.5374. 


Girolamo, M.D. and Cammarano, R. 1968. The protein com- 
position of ribosomes and ribosomal subunits from 
animal tissues. Electrophoretic studies. 
Biochim. Biophys. Acta. 768:181. 


Godchaux, W., III, Adamson, S.D., and Herbert, E. 1967. 
Effects of cycloheximide on polyribosome function 
in reticulocytes. J. Mol. Biol. 27:57. 


eyitos Yo.66 
ef Iso ‘saorgimed 


bos sxatouase ft. 
bas cotseiloglr.r <2 7 
ex iiiduse Tahosdcis wevil evisos 30. 


+Lit GL 
7 - 
tot-eige Inoimesn> ,800h | «259 yh bus ,-2 ,Lepot vo 
tev .oo3d yentetord ‘temoacedbs to. spoussed | 
sOSED= RE” ~i08 .BeoA | 

tom 
alec Tg nsewted motels: sidl@eod _— 2 ,womsd 
SIE:SNE svetet .eudowra akesorq bis hios 7 
vinediaye outle wi.  098F 24.0 ,emskETiw bos ,.98 ,ssons0 7 

yd nietouy ol tinegs to eaetaapsts5 Ree de — = : 

38% .20%% ,aamoeodix 69717 bas bovod—sestdmem 
OVEL:38 .i5e . bese 
-nielasnsaodiz z6h auesos2e Gow eaeot), .820L .A& ,remmlo ; 


NUBIDES doervottueyeu .8  .alzvivisizontedeT eed siwse 
‘atime %O eeu ot? ,SVCl 4.3.7 ,cosmiot Bas ..a64 ,dredi£p . 


vel etroninys Sbictqecy lod es tvesem of AUAS~Iyos ; 
esvom tiuhs tne Indénoodt mox2 bsielorl sesiozodi+ , = 
DES; 3? .nummwd Jest -2ydqol8 .medsoid .eugeit nie > 


aovi-iisd ,OTeb 2.4 ,foetebRk ots .-MeG »Jzedbto 
aid 2o esifetistopwed) iit. sari ftidoipomedt 
maseye youes waehgagsh-hips . siet £< 1siese : 
~SPES7CRR .medd lore ay) 


oita}vehoet “at aiaen jaye “ton somone ae +-W ,dxedIid 
-40M .U .%etoqmov oviteos et2 bas’ 35 -biae 
“iat A Lon 


vee es ol. BEML ea sont brs .0.M voms.LoxkD ed) 
hed Sahenan Demme godt x . a ee rplape] 
.eeiduye ioe 


pi a 


Groliman,,.A..P4.,, and) Stewart, M.L.19868. Inhidbre lon of; 
the attachment of messenger ribonucleic acid to 
ribosomes. erode Nat. Acad. Sci. USA €77719. 


Grummt, F. 1970. A protein fraction from rat liver ribo- 
somes stimulating initiation of polyphenylalanine 
synthesis at low Mg2+ concentration. Acta Biol. 
Med. Germ. 24:K55. 


Grummt, F., and Bielka, H. 1971. Isolation of a protein 
fraction from rat liver ribosomes initiating poly- 
phenylalanine synthesis at low Mg2+ ions-concentra- 
tions. sBur. Je Biochem.© 272210). 


Gurdon, J.B., Lane, C.D., Woodland, H.R., and Marboix, G. 
1971. Eggs and oocytes for the study of messenger 
RNA in its translation in living cells. Nature 
2332177. 


Guthrie, C., and Nomura, M. 1968. Initiation of protein 
synthesis: a critical test of the 30S subunit 
model. Nature 219:232. 


Hamilton, M. 1967. The molecular weight of the 30-S 
RNA of Jensen Sarcoma ribosomes as determined by 
equilibrium centrifugation. Biochim. Biophys. Acta 
d 3ac247 37 


Hamilton, M.G., and Petermann, M.L. 1959. Ultra- 
centrifugal studies on ribonucleoprotein from 
rat liver microsomes. J. Biol. Chem. 234:1441. 


Hamilton, M.G., and Ruth, M.E. 1969. The dissociation 
of rat liver ribosomes by ethylenediaminetetraacetic 
acid; molecular weight, chemical composition 
buoyant densities. Biochemistry 8:85l. 


Hardy, S.Jd.S.; Kurland, C.G.., Voynow, P73, and>Mora, Gen 1969. 
The ribosomal proteins of Escherichia coli I. Purifi- 
cation of the 30S ribosomal proteins. Biochemistry 
eo ae 


Haselkorn, R., and Rothman-Denes, L.B. 1973. Protein 
synthesis. Ann.Rev. Biochem. 42:397. 


Henshaw, E.C., Guiney, D.G., and Hirsch, C.A. 1973. 
The ribosome cycle in mammalian protein synthesis. 
I. The place of monomeric ribosomes and ribosomal 
subunits in the cycle. J. Biol. Chem. 248:4367. 


Heywood, S.M., 1970. Specificity of mRNA binding factor 
in Eukaryotes. Proc. Nat. Acad. Sci. USA 67:1782. 


154 


eo eee ictngeage wa res 


2 a NS) Gane, ahak * hae ty se apn ie Pas 

Se '. 1% uF ee <r Ta i - : vs 

; ‘ I - ; : Ds a y 7 7 
“orl + 7 py it J 6°t [ Am OL VE e : 33 pers: : 
i ’ _ lat ee “a4 a a y it enh 3 
me best 5 +S eng rie cory 


TLotd SIDA’ nord ty nif Wie | | _ 
“2eRs be moh .beM | a 


shad oda Sito ask ohaa’ sf0eE rae yet oket isis ton as yo, 
ev Loy ipnidekoeat _somonod 9 tevig 

~sudmeonos-enot teM WoL te nicodtnye pa gabe o 

OLS205 MiG DOLE sy 38 Bide ’ 7 

« «xLoOdas” Boh), fH, brs lpoow gee 9 ,encd ef “= 

aspnsaesm to yhide, eds wot eany ks apd adver ~ ¥e 

siusclt elles paivit nk nolsslaceyt 234 ak AMA 

eV VL SEES. | 2 

a) 

dissoxy. 3o moiisitinr .80@L 0M emnio Bis 6D eiudsn0 

tingdve 2Of ef¢ Yo Seea feotsai 6 tereadsnys 


SES:2C? gupaet .tabom .... 


4 vf) 


S-06 att io sAd0tew telysalom ait .eel «Kh «tod LimeH : 


yd bewrnasted as sonorndis proetse neigh. to 
sroA ,erhgor’ .midsolS wmoLssoputtagned micudiitope 
cEVE REL 


-St31D .O32Q «1. yepemypuedt bie OM fot Lime 
Nos? nisdonqoeloumod. ts no epthuse Jdisnudtxines 
LebES322 Jmedo fold .L > easmenderm wevel.sst 


notisipvueetb oT. ,eoe! .t\M tape Bre ,-0.M tot Limstt 
otteces tistoninebbadetyaite vd ssnoecdss tavel jer Xo 
notaraouroo Ieoimedo ,tipiew tolugelas shlaeaiiei> © 
lege 2 Gncmas Reidteasd> aneyord 


Ger .D B10 frie ..% ,wonwmY ,.0,.9 .basiiod , 8.6.8 ,ybasl 
~ithaud of Y¥d pmigtth ined do Seats Lenoeods3 ent 
qiveimodsold aah, Lamoswdin Ove erid to agksac...) 
, Tees i8 7 


obesoxd. (eTeL ead Roned-asmason bis, ee. | aadteuael 
+ VOESRY (medaid | avaneen -2caen enya 


«ETO ane pete 
Ben ee ted Lsmines 
a bose rs TOS ¢ 


LO 


Heywood, S.M., and Nwagwu, M. 1969. Partial characteriza- 
tion of presumptive myosin messenger ribonucleic 
acid. Biochemistry 8:3839. 


Hill, H.Z., Wilson, S.H., and Hoagland, M.B. 1972. 
Patterns of albumin and general protein synthesis 
in rat liver as revealed by gel electrophoresis. 
Biochem. Biophys. Acta 269:477. 


Hille, M.B., Miller, M.J., Iwasaki, K., and Wahba, A.J. 
1967. Translation of the genetic message, VI. The 
role of ribosomal subunits in binding of formyl- 
methionyl— tRNA and its reaction with puromycin. 
Proc. Nat. Acad. Sci. USA 58:1652. 


Hoagland, M.B. and Keller, E.B., and Zamecnik, P.C. 1956. 
Enzymatic carboxyl activation of amino acids. 
J. Biol: Chem. 218:345. 


Hoagland, M.B., Zamecnik, P.C., and Stephenson, Motel gb 95 7% 
Intermediate reactions in protein biosynthesis 
Biochem. Biophys. Acta 24:215. 


Housman, D., Pemberton, R., and Taber, R. 1971. Synthesis 
of a and g chains of rabbit hemoglobin in a cell- 
free extract from Krebs II ascites cells. Proc. 
Nat. Acad. Sci. USA 68:2716. 


Huynh-Van-Tan, Delouney, J., and Scharira, G. 1971. 
Eukaryotic ribosomal proteins. Two-dimensional 
electrophoretic studies. FEBS lett. 17:163. 


Jacob, F., and Monod, J. 1961. Genetic regulatory 
mechanisms in the synthesis of proteins. 
JeeMols Biol. 35318. 


Jacobs-Lorena, M., Baglioni, C., and Borun, T.W. 1972. 
Translation of messenger RNA for histones from 
Hela cells by a cell-free extract from mouse ascites 
tumor’... Proc. ‘Nat. “Acad. Sci. USA 69:2095. 


James, E., and Morrison, J.F., 1966. The reaction of 
nucleotide substrate analogues with adenosine 
triphosphate- creatine phosphotransferase. 

J. Biol. Chem., 241:4758. 


Kaempfer, R. 1968. Ribosomal subunit exchange during 
protein synthesis. Proc. Nat. Acad. Sci. USA 
61:106. 


Kaempfer, R. 1970. Dissociation of ribosomes on polypeptide 
chain termination and origin of single ribosomes. 
Nature 228:534. 


-nboynoany dtu ots 269% ef) Bae 


9202 .9.4 .2babenn3 Bae bat va P 2 tempt OK we 
sebkos onmtms to aeeet : 
aap a S nr eee 7 


V20L .diM ,aoemeddaie Bas). 29 <tigoemss ¢veaM 
eleodIayeoid ipbes ie anokiseax et tes 
PIS? S4SA .eytig 


2iasnanye ot VEL a | » 28cnT Hus. gant nos isamad ysl ~aamevor 
-liss 5s cl sicdolvousd tiddss to eniadl>s & Bae © to 
-00%9 .olion getfoen Tl edosh mort fostixe Goad 
.B1TSs98 ABU £52 beak . ran 


ifQl-..— ,exktpdoe Bas ..t a .ne'T-asV-dnysH 
isnotene@tin “ow?  ,enteatosag Lampeo 


1 offoyvetoa 
sO35:%% .Jdsf 2889 .esthusa ofseuotiqoricels 


yioteliomex ofjenad .l3ael .t ,benot bas .«.3 «doost! " 
earero1g Io efesisnye ody at teebcedved a 
BLE f? a inkg -1omM «tb 


SFel WT ,sutol Bon ,.D .domilos .sM »eeetad= adoost 
no's? 2angotatd x02 Ad. sopaeneon Jo fogtalensil yong 
ast sen Ss2pon iol IpeusdKe sax? -Liay« yd. etleo siok 
d€eOS28s ABU. ,to® Daod Jem Voaed som 


to noktoset OAT -AdC! NL coe sttoM Bas yell yaomsl ‘n 
entzorebs didiw gagpoleas ete AAGeL Ss - 


ARE renames 5 gets chieranongtsS : 
mmaav a8 abe Bask Jui rn atc roaeg a) 
eet aecaranie ae ate 


Kaempter, R.- 1970.) \ Initiation’ factor IF-3: a specific 
inhibitor of ribosomal subunit association. 
JAMO IQ BIO 14.8 Vals 83s, 


Kaempfer, R. 1971. Control of single ribosome formation 
by an initiation factor for protein synthesis. 
Proc. Nat. Acad. Sei. USA 68:2458. 


Kates, J. 1970. Transcription of the Vaccinia Virus 
Genome and the occurrence of polyriboadenylic 
acid sequences in messenger RNA. Cold Spring 
Harbour Symp. Quant. Biol. 35:743. 


Kitos, P.A., Saxon, G., and Amos, H. 1972. The isolation 
of polyadenylate with unreacted cellulose. Biochem. 
Biophys. Res. Commun. 47:1426. 


Kuff, E.L., and Zeigel, R.F. 1960. Cytoplasmic ribonucleo- 
protein components of the Novikoff Hepatoma. 
J. Biophys. Biochem. Cytol. 7:465. 


Lamfrom, H., and Glowacki, E.R. 1962. Controlled disso- 
ciation of rabbit reticulocyte ribosomes and its 
effect on hemoglobin synthesis. J. Mol. Biol. 5:97. 


Lawford, G.R. 1969. The effect of incubation with puromy- 
cin on the dissociation of rat liver ribosomes into 
active subunits. Biochem. Biophys. Res. Commun. 
b7 243% 


Leader, D.P., Klein-Bremhaar, H., Wool, I1.G., and Fox, A. 
1972. Distribution of initiation factors in cell 
fractions from mammalian tissues. Biochem. Biophys. 
Res. Commun. 46:215. 


LeBleu, B., Marbaix, G., Werenne, J., Burny, A., and Huez, G. 
Effect of aurintricarboxylic acid and of NaF on the 
binding of globin messenger RNA to reticulocyte 40S 
ribosomal subunits. Biochem. Biophys. Res. Commun. 

410 21-30. 6 


Lee, S.Y., Mendecki, J., and Brawerman, G. 1971. A poly- 
nucleotide segment rich in adenylic acid in the rapid- 
ly-labeled polyribosomal RNA component of mouse 
sarcoma 180 ascites cells. Proc. Nat. Acad. Sci. 

USAS 66-2713 3.x. 


Lengyel, P., and Soll, D. 1969. Mechanism of protein 
biosynthesis. Bacteriological Reviews 33:264. 


156 


eoldefort oft, -svel 
awexionts ; 


_ 

ap Lopnodit okmesiaody®. OL 1H «1 pS Has 0 . : is 
.su0d 6gsH tRoXtyoM otis to Budedogmon nis: 

: sedan: 8 . fesyd me Dierks -myiiqore ’ oe! “ 


-oeekb Bettoznod So@l .-As@, txoswold bas , iH tortms. * 
edt fos cement: atysolosi:te: iiddex 20 soizeip =. —_ 
VG .f648 .ToM sdlaeddaye midolvomsi! no tootisa, ©) 


-ymo=q sltiw golssdoont jo dostis sd? eee! 8.5 ,hrotwad 
otml asnovodiy 15vil ses tH), noidetoosekb orct quo mb 
Tun .ROe -syigora .metiseta .sitnudve svisos 


n= 


-EBI 23% = 
A .4O7 Bas .,9.0 ,fooW ,..H .tesdaesiieagielaA ..9/0 ,19bsed 
Ifeo nl protest wolssisiat 20 tobticttseta ster | ; 
-eyigold .merfogid septeet? meet moni. . x2 nae 
<e .. 2a ff Ben ry 
2 ,890H Das ..A ,ynua ,.0 ,sune7eW ..5 ,xistiyeM ,.& ,welged : 
oft nO Te 1oO,bas bios oi ycodtepodesnk ses 30 to8232a : 


20h sovpolnecxsx oF AMA oer nasore ates waeees = 
het: 08 


~SHimMeD .29% .eydgera ywedscola 


~ib@? .beawA .3EU .ooed BTSs. fodtecion | 


; 2 
mip? to vmptanioeam ~eael .¢ ft feyoust 
cere & avel vor. tsokpolobragona moe ons 


dee 7 


Lerman, «Mal.,.Spirin; AsJ.a, Gaveblovapcual - cand (GoLovjeV.F. 
1966. Studies on the structure of. ribosomes. II.Step- 
wise dissociation of protein from ribosomes by 
caesium chloride and the re-assembly of ribosome- 
like particles. J. Mol. Biol. 15:268. 


Lockard, R.E. and Lingrel, J.B. 1969. The synthesis of 
mouse hemoglobin §-chains in a rabbit reticulocyte 
cell-free system programmed with mouse reticulocyte 
9S RNA. Biochem. Biophys. Res. Commun. 37:204. 


Low, R.B., and Rich, A. 1973. Myoglobin biosynthesis in 
the embryonic, chick. “Biochemistry 212:4555. 


Low, R.B., and Wool, I.G. 1967. Mammalian ribosomal 
protein: analysis by electrophoresis on poly- 
acrylamide gel. Science 155:330. 


Lowry, O.H., Rosebrough, N.J. Farr, A.L., and Randall, R.J. 
1951. Protein measurement with the Folin phenol 
reagent ..yJ-,Biol, Chem. 5193.2265. 


Lucas-Lenard, J., and Lipmann, F. 1966. Separation of 
three microbial amino acid polymerization factors. 
Proc Nat qyACad sce It UGA fait 62. 


Lucas-Lenard, J., and Lipmann, F. 1971. Protein biosyn- 
thesis. Ann. Rev. Biochem. 40:409. 


MacInnes, J.W., 1972. Differences between ribosomal 
subunits from brain and those from other tissues. 
Je, Mol. BIOL. 1602157. 


Mangiarotti, G., and Schlessinger, D. 1967. Polyribosome 
metabolism in Fschertchta colt II. Formation 
and lifetime of messenger RNA molecules, ribosomal 
subunit couples and polyribosomes. J. Mol. Biol. 
i sie he) ye 


Marcker, K., and Sanger, F. 1964. N-formyl-methionyl1-S-RNA. 
uO Brod. 2o0s.0.3 Die 


Marcot-Queiroz, J., and Monier, R. 1965. Interactions 
entre RNAs ribosomes. Bull. Soc. Chim. Biol. 47:1627. 


Marcot-Queiroz, J., and Monier, R. 1965. Interactions 
between RNAs from Eschertechta colt ribosomes. 
J. Mol. Biol. a4, :490. 


Martin, -lL.ne,) ROLLeEStOn, E.o., WOW. Be, ands WOOL, HaG. 
1969. Dissociation and reassociation of skeletal 
muscle ribosomes. J. Mol. Biol. 438:135. 


in 
¥ Jo * €: 


eee me 


a enh Se 


nt Qdsasarcate kdat'es ere | sates wes wor 
-eeeas st “adele void  toations 


: Sed wor 


Lamorodbhs mail 


~-G.8 ,ilebaes bite 4.0.4 ,tust «bavi dd ner scirpdioae ie sea 
Lonedq nttot ada H+kw ee ee 
POL ERk sosddD .bola ce; Siero 


to noissyaqdSe. .d08T, .Lyniremgis BAS yal , bisned-ssoud 
sazosont nole apse SoNE bios’ ortime {sidoxstm sexi 

de Peck Ae £32 . DBIA -oevi ~20ord 

:] 

-nayroid.ntetoud .«ffeki. .7 ,auemgél bas ...%  Dxeaed-esoud 
.POB2Od .madoois .vet .agh reer 


fsmorodix meewtot eoone1etiiG. .SVer  .W.G ,gennTosM 
-eesee2is vedio mova seoit bos ahexd mosh ediapvdue 
ers a9 .fof& .fomM .t 


amoendiuyiod  ,Vder «G.  tspiieesido® Dis. .o Ape. ae 
noitsmzay «TT $}on SIcctrensed oh, maLlodszom 
ismofodixs ,zeluoeiom AUR aspagersm lo smideitl bas 
«lOtd .1oM .% wesmodedixnylow baa eelqvoo b 8 
BS 


Ai-2-Iygnoidsom-fymibt-U .bdel =. \aSsenea bole re) apa ion- 
-CE8*S .fott .LomM . 


Snoidvetedol ..200L A \xetnoM Has ,.u Saas 
sTSOL:Ne oid pe ee D568 -gamozodin BAUA 


enoktoutaaat .PoGL ..F (rehire boo ,.G »eptlaw)-topisM. 
-vomoandin 3\50 o}faltahsad most Sie asowsod : 


MOVE Yt Lote . lo oh) ook 7 


Ost. LOM. pad sa _ 3803 penny ee 
lasalede Bo aditetoessnes bas oolsi bari 


. 


aa 7 a | 


Martin, T.E., and Wool, I.G. 1968. Formation of active 
hybrids from subunits of muscle ribosomes from 
normal and diabetic rats. Proc. Nat. Acad. Sci. 
60:569. 


Martin, T.E., and Wool, I.G. 1969. Active hybrid 80S 
particles formed from subunits of rat, rabbit and 
protozoan (Tetrahymena pyriformts) ribosomes. 

J. Mol. Biol. ¢3:151. 


Mathews, M.B.. 1972. Further studies on the translation 
of globin mRNA and encephalomyocarditis virus RNA 
in a cell-free system from Krebs II ascites cells. 
Biochim. Biophys. Acta 272:108. 


Mathews, M.B., Osbern, M., Berns, A.J.M., and Bloemendal, H. 
1972. Translation of two messenger RNAs from lens 
in a cell-free system from Krebs II ascites cells. 
Nature (London) New Biol. 236:5. 


Mathews, M.B., Osborn, M., and Lingrel, J.B. 1971. 
Translation of globin messenger RNA in a heterologous 
cell-free system. Nature New Biol. 233:206. 


McConkey, E.H. 1967. The fractionation of RNAs by sucrose 
gradient centrifugation. Methods in Enzymology, 
Vol. XII A, Academic Press, New York and London. 


McKeehan, W., and Hardesty, B. 1969. The mechanism of 
cycloheximide inhibition of protein synthesis in 
rabbit reticulocytes. Biochem. Biophys. Res. Commun. 
386:3625. | 


McKeehan, W.L., and Hardesty, B. 1969. Purification and 
partial characterization of the aminoacyl transfer 
ribonucleic acid binding enzyme from rabbit reticulo- 
cytes. J. Biol. Chem. 244:4330. 


McKeehan, W., Irvin, J., and Hardesty, B. 1970. A factor 
in the salt wash of reticulocyte ribosomes that can 
interact with acetylphenylalanyl-tRNA. Biochem. 
Biophys. Res. Commun. 41:757. 


Means, A.R., Comstock, J.P., and O'Malley, B.W. 1971. 
Isolation of protein factors from oviduct polysomes 
which stimulate protein synthesis. Biochem. 
Biophys. Res. Commun. 45:759. 


158 


: t4 
6bt bre , Met yo My o ene | 
anet og BATA LO prISE Sam = Ea lint . 


: 
: 
z 
e 
ne 
a 
¢ 
be 
ie 


LINED .€.% ,Teypabi bas .M .dxodeO \.2Um \awereem « 
aponpiaret a: & ni AMS “aapAsee om Ooip Io coisa Lan 
SOS:B8% «fort walt ote meoteys 


e2o1gbe yo SAKA To nos koowrx ent del hua 
.Vpo! canrers: tt oh ,cokzapstizinss task 
Hofttal fos ArG¥ We ,e2zoys oeniShADA ,A LEK s 


tG;matnetioen atl! .0aer .2  ywomeb 4 \6si99H9M 
ot Biuasanyw eistorug 3e! ‘Mortididat 
MummoD .2st .eyigord ,mailacts eee 


Dats 


bee noidaotiinmy .@36l. .f eres ian IW oe 
Wisgust+ Iyoscnirs sets 26 tots reser 
~oLd stipe rida HMOs? swish Rare Pitas atone 
OLERSet wastD .fola .t 


somoei A .OVEL .&@ ~eteebus bag yt LAE 48 .ndesAom 
ns fel kooks sdysolnel3sa to Avew dee ond a 
monookd ee a aceite soese Adiw ied 


Vetsih .Aamimod .eet ,eydgota . 4 
AVG Wa oy 24 ign 
ina sath Si 


a 


Rah hdd soay 30 10} . BA ,Snmsemh 


Mechler, B., and Mach, B. i971. Preparation and pro- 
perties of ribosomal subunits from mouse plasmo- 
cytoma tumors. Eur. J. Biochem. 21:552. 


Mendecki, J., Lee, S.Y., and Brawerman, G. 1972. 
Characteristics of the polyadenylic acid segment 
associated with messenger ribonucleic acid in mouse 
sarcoma 180 ascites cells. Biochemistry 11:792. 


Metafora, S., Terada, M., Dow, L.W., Marks, P.A., and 
Bank, A. 1972. Increased efficiency of exogenous 
messenger RNA translation in a Krebs ascites cell 
lysate. Proc. Nat. Acad. Sci. USA 69:1299'. 


Miller, R.L., and Schweet, R. 1968. Isolation of a 
protein fraction from reticulocyte ribosomes 
required for de novo synthesis of hemoglobin. 
Arch. Biochem. Biophys. 125:632. 


Moldave, K. 1968. Aminoacyl transfer to ribosomal protein 
in the rat liver system; Methods in Enzymology, 
Vol XII B, Academic Press, New York and London. 


Moore, P.B. 1966. Studies on the mechanism of messenger 
ribonucleic acid attachment to ribosomes. J. Mol. 
BO Pade seas 


Morgan, R.S., Greenspan, C., and Cunningham, B. 1963. 
Dissociation of yeast ribosomes by papain. Biochim. 
Biophys. Acta 68:642. 


Morgan, A.R., Wells, R.D., Khorana, H.G. 1966. Studies 
on polynucleotides LIX. Further codon assignments 
from amino acid incorporations directed by ribo- 
polynucleotides containing repeating trinucleotide 
seguences. Proc. Nat. Acad. Sci. USA 56:1899. 


Munro, H.N., eee te B.S., and Pronczuk, A.W. 1968. 
In vitro inhibition of peptide synthesis and GTP 
hydrolysis by cycloheximide and reversal of inhibi- 
tion by glutathione. Nature, London 219:944, 


Mutolo, Vi. .Giuditee,..G., HOopps, V.,.,and Wonatuti, JG. L967. 
Species specificity of embryonic ribosomal proteins. 
Biochim. Biophys. Acta 138:214. 


Nirenberg, M., and Leder, P. 1964. RNA codewords and 
protein synthesis. The effect of trinucleotides 
upon the binding of sRNA to ribosomes. Science 
Co 238 995 


bobs fe | 


Teicher mr eoobes 
yi cak 4 aT , oo 


bis. ees axx6M . Wal , woo re | 
| ssh ‘eter é ast vssom ae 
“tae sag te ad St a - 


i Yo motssloel, .#ael- 1.8 teswrink | 6 «sds .aelLim 
"gaan tele etyno ioe mort “ols nisteorg 9 9” 
~aieolpornet Fo i INV OVOK 8 res 
ee 220% .ayddosa MeOSES . AOA 


niszoxy Iswoeodiz oF terenexs tyvesonitA .808L «4 ,evebloM 
\veelunventi ot ehoAgdeN hedeys seval tex sad ahi! oe, 
saobao! bas AtcyY wel iaaest oimibsaod a ILE. Lov 


vf 


T2poebesm to metostosm osdt no esiSyte2 .ae@L 8.9 ,ez0o0M 
-fom .G .#amoeedia of groemiiosgie bine ois eos 4 ae 
CR{;38 slo 


-<Cden, ff ,mepatinaso Bis ,.D TSqZeneexw ,.2.1 ,nspromM 
-minooka .arsqeg yd aemozodix Jessy to nohislooreta ve 
.$h3;3% s4oA .eysgota 


earbuse «GOGOL .OsH ,beetonk , 0.3 ~ealiewW ».H.A ,Asprom | 
ednenipiaes, soos reddy’, XIE 20bi 30% foumylog no -/ 
“odizt yd bsdsetth aaditssogsosn! bioe oftign moxt se 
sie Tere pkitssqes palntstinos asbtdos lonaylog 
we Bis ae Agu .ip2 .bADA .36 .2029 Leenmsupee 


/B0Cl WA .aweotok! bis ..a.8 , Sot lea ye4 H ,OmnUM 

Tid His eieadtoeve sbiigeq to sors tbbnhk ottyt wl, = 24 
-iditini to’ [savaved bas sbinixedoioys Yad ase ni 
sOhO OR gobtal ,suvteh .anckivssuie bm foe. 


, 
. 


Ve0i ,9 ,/ttutsnod pas iv anak et, racers Vv volosum 
aniszorwy Ismogedix vin 30: yo foswis 
d aa 14 ston mydgas ee | 


Sires at nae pel .¢ aha, bs + Mt 
eabitoslourtzg oat iy s ofl seleeads 
Spneioy .eemosedix of Alte 10 pabinadd - | 
eecies : 


Nirenberg, M.W., and Matthaei, J.H. 1961. The dependence 
of cell-free protein synthesis in F£. colz upon 
naturally occurring or synthetic polyribonucleotides. 
ProckMNat.® Acadiscu.. USA)47 sL58si. 


Noll, H. 1967. "Techniques in protein biosynthesis" 
Volume 2, Page 112, New York Academic Press. 


Nomura, M. and Lowry, C.V. 1967. Phage F5 RNA-directed 
binding of formylmethionyl-tRNA to ribosomes and 
the role of 30S ribosomal subunits in initiation 
of protein synthesis. Proc. Nat. Acad. Sci. USA 
58:946. 


Nomura, M., Lowry, C.V., and Guthrie, C. 1967. The 
initiation of protein synthesis: joining of the 
50S ribosomal subunit to the initiation complex. 
Proc / Naty. AcadnasSciensAy 6 3487/.. 


Nonomuray,. Yeap Blobely. Gwe andi Sabatini, D. 1971. Structure 


of liver ribosomes studied by negative staining. 
oe Mol BiGiee Go0e s03% 


Obrig, T.Ge,sCulp, Wo,"McKeehan,W.,. anduHardesty,. B. 1971. 
The mechanism by which cycloheximide and related 
glutarimide antibiotics inhibit peptide synthesis 
on reticulocyte ribosomes. J. Biol. Chem. 246:174. 


Ohtaka, Y., and Uchida, K. 1963. The chemical structure 
and stability of yeast ribosomes. Biochim. Biophys. 
Acta 76:94. 


Otaka, E., Itoh, T., Osawa, S. 1968. Ribosomal proteins 
of bacterial cells: strain- and speciesespecificity. 
URaMowl Biol. Ja". 


Palacios, R., Schimke, R.T. 1973. Indentification and 
isolation of ovalbumin-synthesizing polysomes. 
J. ‘Biol. Chem. 24831424. 


Palacios, R., Sullivan, D., Summers, N.M., Kiely, M.L., and 
Schimke, R.T. 1973. Purification of ovalbumin 
messenger ribonucleic acid by specific immuno- 
adsorption of ovalbumin-synthesizing polysomes and 
Miidtoore partition: of, ribenucleie acid. jj.) Bol. 
Chem. 248:540. 


160 


eral 
y aq ob wr cpr ba fe agi 


besos 2hb- Aun ein | 
bite; eomtoendis oF | ive 
doltsned ink :at ebdnire * Le 
AZ ESS bend «dali Vooxt’ 2, Beisieys ‘ahea9 ae 


oat ,\@el . sek artgu, bab y-V.3 ,¥swol ,«H smo 
add to patetor Selena aistouy ix aeitettiot > : 
.xslumod moitseraing 6dt of Finydue Laneeodsa 20¢ 


S8RE233 ABU. foe .baod dav. . 508 7% 
sivsouzsS iTel << ,initeted Bas) ,c2, ,ledole .+¥. »SUMONO ss 
prin ate svi toped yd betbuse gomoaodtt tevift to ; = 
s£0£.4) .foig fom a 7 . 


LveL a \Vteebrsl bas ,.W,  feleotoM ,.W yqlud ,.0.T »pixzdo ; 
hstelex fis ebtinixedofoyo sdothw yd maliadogm SAT as 

efearncinve shistgedq. sididds esivotdizas sbiaktsigip - 

,bVLSOQR whedo .fotd .b .2zamosgodin sirySolvoigey Ho : ' 


exrctousde, teoimerto off 6001 <A \abito’ bas «.¥ .6%6300 
,ovagqorte .miinooLd waattoredi1 tasay Jo ysl idete Bas 


bOrdS et04 
emintorw Fenuzadin ~830F i? Svge0 eb Fost reer | , bABFO 7 
yVitortioeqe-esiosce Oe -nierte :eileo febrado0ed Io Pa 
LC8:88.loitt Tee Uv st 


bre noideorttspsbeel .EYEL 7.8 apices oA ,eokeosie? 

-asmiony fex{ parsleedinye-nzmodisvo to ceiteloet - 

&SBTsaR% Jager form .% 

Bis ,1d.M ish paltatt RIERA yok vires Biles <l -sotosist 
nemoilave to doltensatd E08) 7.8 \omittoe 
-ouummh otithaqe yd bios olesounodtx eee 

Bren comonyl oct prikstéaddoye-clmydieve 26 foltasoabe 

lore st Bion olsloupodiy to sotyieaey sic 

| LORBLRLG 


161 


Palade, G., and Siekevitz, P. 1956. Liver microsomes. 
An integrated morphological and biochemical study. 
J. Biophys. Biochem. Cytol. 2:171. 


Perry, R.P., LaTorre, J., Kelly, D.E., and Greenberg, J.R. 
1972. On the lability of poly(A) sequences during 
extraction of messenger RNA from polyribosomes. 
Biochem. Biophys. Acta 262:220. 


Pestka, S., and Nirenberg, M. 1966. Regulatory mechanisms 
and protein synthesis. X.Codon recognition on 
30S ribosomes. J. Mol. Biol. 21:145. 


Petermann, M.L. 1963. "The physical and chemical properties 
of ribosomes". Elsevier, Amsterdam. 


Petermann, M.L., and Pavlovec, A. 1963. Studies on 
ribonucleic acid from rat liver ribosomes. 
Us. Biol. Chem. 260537 .4/7. 


Petermann, M.L., and Pavlovec, A. 1966. The subunits and 
structural ribonucleic acids of Jensen Sarcoma 
ribosomes. Biochim. Biophys. Acta 114:264. 


Petermann, M.L., and Pavlovec, A. 1969. Effects of 
magnesium and formaldehyde on the sedimentation 
behavior of rat liver ribosomes. Biopolymers 7:73. 


Petermann, M.L., and Pavlovec, A. 1971. Dissociation of 
rat liver ribosomes to active subunits by urea. 
Biochemistry 10:2770. 


Peters, T. Jr. 1962. The biosynthesis of rat serum 
albumin II. Intracellular phenomena in the secretion 
of newly formed albumin. J. Biol. Chem. 237:1186. 


Peters, T. Jr. 1970. Serum albumin. Advances in Clinical 
Biochemistry. 13:37. 


Picciano, D.J., Prichard, P.M., Merrick, W.C., Shafritz, D.A., 
Graff, H., Crystal, R.G., and Anderson, W.F. 
Isolation of protein synthesis initiation factors 
from rabbit liver. J. Biol. Chem. 248:204. 


Prichard, P.M., Picciano, D.J., Laycock,,D.G., and 
Anderson, W.F. 1971. Translation of exogenous 
messenger RNA for hemoglobin on reticulocyte and 
liver ribosomes. Proc. Nat. Acad. Sci. USA 68:2752. 


eta | 
—— : 7 


a maaansdingoess 


esiaxeqony Lun kiteits en ieee sete tt 7 
ao XS bone le 


no esibiye .fdeE A SOVOLVEt 
swemvecdi+ msvil tax mox2 Gine >, 
7 »VLTE? BSA +m 


wad = sat neds alt ~2del oA ~osvetvs? baa 54 /\nagmrie3949 


Buinorse ognsu Oo ebkoa vielsivinodiy | as 
POS Teil eis .eyngeia .minooke ia tania 


toa hw 79224 eae] fh. pare thay rae aout + : 
noitcinos Soa sit #0 abyss Lentyo 
.tN:8 exemyloqeta <semeeodiy isvrt a cae x ; 


, TO foissiooe|e!O .TVOL 4A a eer aan 
bor Vu ed tciidue aVvisjsn oO Se 
“eOCts<cas se 


mute +3330 pteesap note ot. .So@l. 2.36 +.7. eo: 


noids ag or at srentucddg. 26 iuetiosc saci 
‘Sir Nea “fete Iola -.0 » Aebsina cl ES / oer io 


tspbit! ry aie daeuavie Abmidls mista? OFGL oh a ,8tete4% 
-NEsGh sytem | 


oA Coys leRaee:. 6 DeW. fiagh ,.M-9 .basdolsd le emeionk? 

tw "ROA ang i) dalh Ba i xe 

exatvet nett sitint aleedioye stie2 at mot 
o)0S2 004: eerhy ola’ .u ". asvil +2 


ouoxs to aondmtanneh 


ae sgaatoe soadetanesh 
94°67 TO% 
~ROTEs Ise . 6698 ee 


Raeburn, S., Collins, J.F., Moon, H.M., and Maxwell, E.S. 
1D yale Aminoacyltransferase II fram rat liver. 
I. Purification and enzymatic properties. 
J." Biol.” Chem.*'246:1041. 


Randall-Hazelbauer, L.L., and Kurland, G.G. 1972. 
identification of three’ 30S) proteins” contributing 
to the ribosomal A site. Mol. Gen. Genetics 175:234. 


Rao, P., and Moldave, K. 1969. Interaction of polypeptide 
chain elongation factors with rat liver ribosomal 
subunits. J. Mol. Biol. 46:447. 


Rao, S.S., and Grollman, A.P. 1967. Cycloheximide 
resistance in yeast: a property of the 60S 
ribosomal subunit. Biochem. Biophys. Res. Commun. 
20% 696% 


Redman, C.M. 1969. Biosynthesis of serum proteins and 
ferritin by free and attached ribosomes of rat 
lavers< Js Bilols "Chemis 244:4308% 


Rhoads, Rsk.§F@McKnight, G.S., and*Schimke,;-R.T. 1971. 
Synthesis of ovalbumin in rabbit reticulocyte 
cell-free system programmed with hen oviduct 
ribonucleic acid. 4J.-BiolveCchemio2262 1; 


Rosenfeld, G.C., Comstock, J.P., Means, A.R., and O'Malley, 
B.W. 1972. A rapid method for the isolation and 
partial purification of specific eucaryotic 
messenger RNAs. Biochem. Biophys. Res. Commun. 

472 387% 


Sabol, S., Sillero, M.A.G., Iwasaki, K., and Ochoa, S. 
1970. Purification and properties of initiation 
factor F.. Nature 228:1269. 


Schechter; 1." 1973.) Biologically and chemically pure 


mRNA coding for a mouse immunoglobin L-chain prepared 


with the aid of antibodies and immobilized oligo- 
thymidine’ 9ProcimNats Acad... Sci, USA’ 7022256. 


Schneir, M., and Moldave, K. 1968. The isolation and 
biological activity of multiple forms of aminoacyl 
transferase I of rat liver. Biochem. Biophys. 
ACPA WEGE SS. 


Schochetman, G. Perry, R.P., 1972. Early appearance of 
histone messenger RNA in polyribosomes of cultured 
L Celmsen, J. Mol. Bielt, 632592< 


162 


ebktiagy toy, to not ssetetead » OPM Sy nt’ 
femovediy asvit Jax itiw ae 


wERSHE lobe - 
shimixsdoiov®' sfeakb  -taA ear po Pe 
a0a Sry 2o ydaagoria ts :Jenay 
-qumio2 sad Seydqorta imensott .4ing 


saan i 


bas entetoig wierd to eiaaitnysots —,e9eL | M.o camber 
S62) 36 ‘Sembee b4fostis bas 9ext ya ntttxst 
adedebeS amatd .loks .G Jievil | 4 


LTO. 0 yolmbrioe Bae , 2.2 , dderar Rests vahsodh 
aiyooleo iver siddas pt atmudisvo to 2 Inye 

JouBive cod wie bommsxpoig meleye ee wa ‘ 

ftheh wet Vidta .U Ripe ois ; 


,yet ism’ C bts » Ms 4 ansett <= 3 & snot emod v* | bistiena 
bink noktsieai oft ab} Bborsom biqgax A .Sh@E Wie 7 
abioyis9us OLiissde to acitenbitray Dekeaaq 
omen .@ad .synigord ,mervoti wean som 

252 


6 , SOOO brs) _ tAPZ SWS ied tett otal EE8 eh , Lotsa 
wobtbldine 20 gersxego%g Sats sossecttiaws *~oveL : 
Casi: b8e srvsew «pf soOdDsT 


yd are bie Yiiasipolore tel ot peor, : 

bersassg aisto- tiidatporumit sagem 5 toi piibos Avi 

-optlo Boriiigodini tus reibediccs. to Bre sa? «igiw 
-BESE2SS ACU WES .borA Je 2029 — . eR 


bie woiteloas ofT .880! 4A ,eveplem bos vat  tkeatio8 


wLgoesotite, 2. anxsr slaid tv to Ne byisse f 
-eVvdaots OAC | “evil dst ta F oo a 
Kad 


163 


Schutz, G., Beato, M., and Feigelson, P. 1972. Isolation 
of eukaryotic messenger RNA on cellulose and its 
translation in vitro. Biochem. Biophys. Res. 
Commun. 49:680. 


Schutz, G., Beato, M., Feigelson, P. 1973. Messengér 
RNA for hepatic tryptophan oxygenase: its partial 
purification, its translation in a heterologous 
cell-free system, and its control by glucocorticoid 
hormones. Proc. Nat. Acad. Sci. USA 70:1218. 


Shafritz, D.A. 1974. Protein synthesis with messenger 
ribonucleic acid fractions from membrane-bound 
and free liver polysomes. J. Biol. Chem. 249:81. 


Shafritz, D.A., and Anderson, W.F. 1970. Factor dependent 
binding of methionyl-tRNAS to reticulocyte ribosomes. 
Nature 227:918. 


Shafritz, D.A., and Anderson, W.F. 1970. Isolation and 
partial characterization of reticulocyte factors 
M, and M,. J. Biol. Chem. 248:5553. 


Shafritz, D.A., Prichard, P.M., Gilbert, J.M., and 
Anderson, W.F. 1970. Separation of two factors, 
M; and M2, required for poly(U) dependent poly- 
peptide synthesis by rabbit reticulocyte ribosomes 
at low magnesium ion concentration. Biochem. 
Biophys. Res. Commun. 38:721. 


Shakulov, -K.S., Ajtkhozhin, M.A., ‘and; Spirin, A.S. 1962. 
The latent degradation of ribosomes. Biochemistry 
vy Au oe yl bes 


Sheldon, R., Jurale, C., and Kates, J. 1972. Detection 
of polyadenylic acid sequences in viral and 
eukaryotic RNA. Proc. Nat. Acad. Sci. 69:417. 


Siekevitz, P. 1952. Uptake of radioactive alanine in vitro 
into the proteins of rat liver fractions. 
J. Biol. Chem. 195:549. 


Siekevitz, P., and Palade, G. 1958. A cytochemical study 
on the pancreas of the guinea pig. I. Isolation and 
enzymatic activities of cell fractions. II. Func- 
tional variation in the enzymatic activity of micro- 
somes. III. In vivo incorporation of leucine-1-cl4 
into the proteins of cell fractions. J. Biophys. 
Biochem. Cytol. 4:203,309,557. 


Ispasasem -ETCL wh 
lelated edt bacajoeh Aue as 1 20% AK 
aucpofois7on = as” iio matte ge Jest a! one ae eo 
biovitrvesooulp yi foxmtnon edi bre) eer aoT2- 
SOSSTES 7 KQU whos beak 580 see 


rspreazem daiw elasdinye olesor1t. .Pvet A.D (m3 
bitvod-sasntdinsm- mow adoliceés2 bios atet i> @ 


LB02o sshd fold .U .eoupeyiod, aavkl send 


é: 
Ynehaedsh rotesT OTe) . .9.W ~moadebWA bre , 4G stixiede 
vnemogedh: etvooluoltet cd EAMHI=lynctiten 26 sal Burke | 
~8fe:3he owssu - wr’ i 
bon (Oldtaloer ,avel .3.W) .comuebnA Bas ..A.0 edizteda : . 
21oyonr sa Sab i io heljsstsbsosisdo, sefdasg . 
.f¢222534 .modS ,I6té .b ~ lM bas ra —— 
bere , MU porated. ..Mio -bueddSiad .sA .@322tede 
,enogoe? dwt Jo coljsyeced J OTeL .t.W yeeenebadk 
~ylou sagshnaqab , (Uy log tot Sarteped gh bas ge . 
semoaud ia 7d aah J$5% Siddéxr yd elassttniye ebiiqeq 
munseic .soigseuthsonoo ook metsenbsm Wwol Sa 


SiTs85  sadiatod ‘BSA -eysigoiad 


—SOG@F .2.A ,tiztee® Bas ,». AM ninsontthe ,.@.8 ,voludteds. 
yitutmerioold .semceadny 30 aok¢ésbstpseb sngge£ sat 
. »fEar th 


nobsooten .Sveh .6 ,seded bos ,.0 ,oleiit «oi \nobledé 
bos oistiv nmi eeatsipee hios of lyaedseyiog Io 
ACIb384 .ioe .beoA .deh . 30x? BUA oisoysedve 7 


orsi¢ =} saiseis ovisosoihs: 40 saiscatl sSt@I 8) ~aatvedeké 
ShOLIDRAS WWVEL Jess to anbetend ont 
Pherae . m5 . ok 


Ybuse Sectaiadiaines: A .8€2b .o 965087 ban 
bas ong -t- spk seakitp-ont 29) 26835: 39). 


-pawa Ir OL OB fies to Pactlrebsc obo marys 
“opens to ytivisos Sitsmysne of nt aoitsizay Esng 
r= Srath, < eyroont a eae . 
-zyunigo if 1 on nes | % 
; ROE, E0S+4 -to 


164 


Siekevitz, P., and Palade, G.E. 1960. A cytochemical 
study on the pancreas of the guinea pig. V. In 
vtvo incorporation of Leucine-1-Cl4 into the 
chymotrypsinogen of various cell fractions. 

J. Biophys. Biochem. Cytol. 7:619. 


Siekevitz, P., and Palade, G.E. 1962. Cytochemical study 
on the pancreas of the guinea pig. VII Effects 
of spermine on ribosomes. J. Cell. Biol. 13:217. 


Skogerson, L., and Moldave, K. 1968b. Characterization 
of the interaction of aminoacyltransferase II 
with ribosomes. J. Biol. Chem. 243:5354. 


Smith, A.E., and Marcker, K.A. 1970. Cytoplasmic 
methionine transfer RNAs from eukaryotes. 
Nature 226:607. 


Spitnik-Elson, P. 1965. The preparation of ribosomal 
protein from Eschertichta eolt with lithium chloride 
and urea. Biochem. Biophys. Res. Commun. 18:557. 


Subramanian, A.R., ana Davis, B.D. i970. Activity of 
initiation factor F3 in dissociating Escherichia 
colt ribosomes. Nature 228:1273. 


Takagi, M., Ogata, K. 1968. Direct evidence for albumin 
biosynthesis by membrane bound polysomes in rat 
liver. Biochem. Biophys. Res. Commun. 33:55. 


Takagi, M., Vatiaka, I.., anca,Ogata, K. 970. Functional 
differences in protein synthesis between free and 
bound polysomes of rat liver. Biochim. Biophys. 
i Neo 5 Wey ae aaa Ws 


Tamaoki, T., and Miyazawa, F. 1967. Dissociation of 
Eschertchia colt ribosomes by sulfhydryl reagents. 
Dic MOU so DLO. e2oi: 30 « 


Tashiro, Y., and Morimoto, T. 1966. Sedimentation studies 
on the interaction of ribosomal subunits from Liver. 
Biochim. «Biophys. ACta, 7 253523. 


Tashiro Ya, ana slexevitz, =. LY6o. — Ultracencrmugal 
studies on the dissociation of hepatic ribosomes. 
Je MOl se Bole! 12 LAO. 


Tashiro; “Y., and Yphantis,, D.A. 1965. Molecular weights 
of hepatic ribosomes and their subunits. 
UicesMG@aes (uO. (elt 7 ae 


iw, | aro a 
or eerste ens Sy 


‘a say 


yhude nee ae ie a 
2482 2a. tiv ned 
ay eT + -toke fis = tary bia = xo ‘on inrnecys, 


hGdsan aed cama aeaet eh, pores DHA, . al \aG 
ss cate) eo etstyonenkes 46 noiyosvoerr sa3 
Beh Bt Gb: oned® -IorEe .t. -temonadls ave 


simdeleosyy  . OX PL A \xstoreM bas eh atime 
+2SSOYTAMUS mort eit xStene1t snicolAgen . ft 
-SOo:%3? eawsan 7, ss 


femeeotis 20 nokdexsqesg odT .2?0) -9, eoeleeaiasiqe. 
ehiyoltn moidsil daiw S3on ntNotupiank mom atedeaq 
V8: ah sagmmndd «29% .aydsold .mertoore «seam Bas : : 


tO ytivitss. .OTeL Se ,eivsd bre (10s A osinsms 1du2 
Hitebanines pnoldgebooeerb ni 6% 107; nad aoisetstin£ 
E°S1s228 svete .semoeodia2ios : 


chnpdin xot eonekivs goeafd ~800L- .a Pst a a , «4 ,tpsiet 
$a7 nj sompey fou Eryod eiexdiram yt alrondavaotd : 
At2%% vmod yesh .eydgold .medonie cuswet 


fenoksoout, .OYel sa ysanpO ing .,T, ssbaet ,M ,tosas? 
brs 6922 feswied eigsitduve, nis4s5i¢ al eopcagettio . | 
-aydqohe .mitisoia oasvil-det te oqnice _ bared . a 
:3T2 BIDA . 


te nmotsetooseid. .Tael .F \ swansy a oge. <2 , SAoemat 
_e7aaps.st Iytivdiive yd eenerodix riou savor A Cys) 


ae +58 ORES eb 
estbytea nottntnsmibeR .aGkt, .«l ,otominoM baa My oxtrte at 
tevid “ox? atiaudve Lantorodis Jo nertoerasai ond no 


LERCTURY sovk wtyadqota ithe £8 
Lapua Pate063410 .C0eL) 4. ee Sass de binee a | oasis : 


~zemowadhx ‘Bis eage 20: no tsehseeele a 
ath tk Lot how me ; 


9 : 


ediietow stu on a: 
: wed ities 1a 


ry 


ee a 


Faylor7y<«d<M.7ana=Schimke, RiTs 2.197300. Synthesis of 
rat liver albumin in a rabbit reticulocyte cell- 
free protein-synthesizing system. J. Biol.Chem. 
248:7661. 


Temple, G.F., Housman, D.E. 1972. Separation and trans- 
lation of the mRNAs coding for a and 8 chains 
of rabbit globin. Proc. Nat. Acad. Sci. USA 69:1574. 


Terao, K., and Ogata, K. 1970. Preparation and some 
properties of active subunits from rat liver 
ribosomes. Biochem. Biophys. Res. Commun. 38:80. 


Thompson, W.C., Buzash, E.A. and Heywood, S.M. i973. 
Translation of myoglobin messenger ribonucleic 
acid. Biochemistry 12:4559. 


Tissieres, rey and Watson, J.D. 1958. Ribonucleoprotein 
particles from Escherichia colt. Nature 182:778. 


Traub, P., and Nomura, M. 1969. Studies on the assembly 
of ribosomes in vitro. Cold Spring Harbour Symp. 
Quant. Biol. 34:63. 


Uenoyama, K., and Ono, T. 1972. Nascent catalase and 
its messenger RNA on rat liver polyribosomes. 
Ju Mol Bol. 8557 51 


Van Duin J., and Kurland C. 1970. Functional heterogeneity 


of the 30S ribosomal subunit of £. colt. Mol. 
Gen. Genetics 109:169. 


Von Der Decken, A., Ashby, P., McIlreavy, D., and 
Campbell, P.M. 1970. The reversible dissociation 
and activity of ribosomal subunits of liver and 
and skeletal muscle from rats. Biochem.J. 120:815. 


Wang, C.S., Naso, R.B., and Arlinghaus, R.B. 1972. 
Factor-dependent binding of Rauscher leukemia virus 
RNA to ribosomes. Biochem.Biophys. Res. Commun. 
47:1290. 


Watson, J.D. 1964. The synthesis of proteins upon 
ribosomes. Bull. Soc. Chem. Biol. 46:1339. 


Webster, R.E., and Zinder, N.D. 1969. Fate of the 
message-ribosome complex upon translation of 
termination signals. J. Mol. Biol. 42:425. 


165 


Be bas not taxegs8, _ 4S: 2.8 ja JOH 44! D ,elgn 
SE CRO ay Mie, sae sale 
bT2L2 96 8 ABU £98 JBodk .ta¥ ,9027 "ntoole 32e . 

ence bas retisxympett. .0Tel .% , cian bas , 


‘yovli 264 moyt athngdue o9/4he 5 esi F% 
-O8:50 .eimmod .26e8 .aytaoke .aorsdle . sae 


Evel M.A, boowvel bag »A.d «Ge send gy. Deh 4 
sislomict?t: zepnessen abi¢ipoym 10 eotselenezt 
-@220:%% viteimedcblad «Biss ~ 


alatoyqoslougogdih 822 .0.0.,coeceW Gas , A ,eetslestt 
OCF 28! eyode wh na srforaskesh mowk estoksgeq 


viduserte oft nO asibiig2 eget Mf inet bes ..¢ ,dussT . 
“mye S0Gdcra pmizqe? bled .o1tte nS sSmgendiz Jo 
£0+%6 .Jofa .da6vo i — 


baa s2eleseo dnsoest , .6Vel .T ,of0 Bain ,.A ,emayousv 
2emnosodiayiog revil ta: ao AMA aspaeagem 22% ca 
CV tat Lola «Lom «& 7 


vaisneporejad Isrotioavt  .0OTei .9 boslave bas ,.t ntod nsv 
-fo4 ,bfoo .3 20 Siatdve Isamoeodis 20& sae to 
CAL:80L aniiensd .aee 


bas «.G .yveetllom ,.&. .yddaA ,.A ,feaoed 18d aoVv 
nolisitoosekh efdieysvexr sfT .OFOL .M.9 , [isdgms 
brs sz6vil to edinudoe -Llamheodiy 2o yazvidos ins 
-CIB:O8E .Tamsnioold sedex mort siseum Ieteiskte Bas 


SVQ) 4.8 ,eusripal lad Sor 4.8.0 .oash ,.8.9 ,pnaw 

BUtTLY sino Ape. 2909E964..79. onlbatd saobasosh~ 197984 . 
dM) i282 .evdqeidg.niigel6 .s9morodi: of AMA 
OCR L=9b 


noge @nistorw. 1o eimedtaye hel 8 .a,G noetew 
<CBGL: ot efolt nied)... 58 thee. csmonadin : 


eii9o de 2ePL aan (tebaee Bus ,+4.0 ,xesedew - 
10 nodtelansas hoge xulyttes’ amovodts S2aom 
eSB RE todd... fom G «fh tents pk Pes fore ~— 


st 


Wigle;, Dee, and omucheAste)) Odo. opeciraicity in 
initiation of protein synthesis in a fractionated 
mammalian cell-free system. Nature New Biology 
2423136. 


Woodley, C.L., Chen, Y.C., Bose, K.K., and Gupta, N.K. 
1972. Protein synthesis in rabbit reticulocytes; 
characteristics of peptide chain initiation factors. 
Biochem. Biophys. Res. Commun. 46:839. 


Zamir, A., Holley, R.W., and Marquisee, M. 1965. Evidence 
for the occurrence of a common pentanucleotide 
sequence in the structures of transfer ribonucleic 
acids. “ds Biol. Chem.s 242021267 . 


Zillig, W., Krone, W.; and Albers, M. 1959. Utersuchugen 
zur biosynthese der proteine, tirl. Hoppe-Seyler's 
A. physio Chem. 317:131. 


166 


1M Wesquo- Bee. 
{sadyooluorge: diddsy st 
,erod oat notgaltinl’ 1 EsK if 
-CERINS « TUM 


aonabiva . aes 


fi = - 
mepudouerstU .@ceL .M jesgeadta bits «.W ,SHOTR. ya y 
a*zelyec-aqqoh -.4Trt ,st#lozoxy feb sesdiinweotd sve 


TELS <12 .modd ofeyda oA, 


